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Introduction. The goal of this research project is to design inhibitors of proteolytic
enzymes that promote the processes of angiogenesis and metastasis. Such proteases act by directly
degrading components of the basement membrane which surround blood vessels, or in an indirect
fashion by activating other proteases that in turn attack the basement membrane. Compounds that
inhibit these proteases are potential anticancer chemotherapeutic agents. This Final Report
describes our efforts, over the past four years, to attain this goal. We have demonstrated that the 4-
heterocyclohexanone pharmacophore is a useful platform for designing potent and specific
inhibitors of serine and cysteine proteases. Investigations into the mechanism of inhibition show
that 4-heterocyclohexanones inhibit the proteases by forming reversible covalent bonds with the
active site nucleophile. We have applied a rational design strategy to synthesize and evaluate several
potent inhibitors of the serine protease plasmin. In addition we have constructed a combinatorial
library of 400 different protease inhibitors that interact with both the S and §’ binding sites of the
enzyme. This library of compounds was assayed against a variety of different proteases that are

implicated in angiogenesis and metastasis.




Body. During the period from 1996-2000, our work on developing anticancer agents that
are based on a new class of protease inhibitors has been supported by an USAMRMC Breast
Cancer Career Development award to the P.I., Christopher T. Seto. In this Final Report we will
summarize the accomplishments that we have attained during this period. Over the last four years
we have published five papers that are related to inhibition of serine and cysteine proteases. These
papers are listed below. In addition we have published four other papers on other research topics.

Reprints of these articles are provided in the Appendix.

1. “Using the Electrostatic Field Effect to Design a New Class of Inhibitors for Cysteine
Proteases” Conroy, J. L; Sanders, T. C.; Seto, C. T. J. Am. Chem. Soc. 1997, 119, 4285.

2. “3C NMR Studies Demonstrate that Tetrahydropyranone-Based Inhibitors Bind to Cysteine
Proteases by Reversible Formation of a Hemithioketal Adduct” Conroy, J. L.; Seto, C. T., J.
Org. Chem. 1998, 63, 2367.

3. “Synthesis of Cyclohexanone-Based Cathepsin B Inhibitors that Interact with Both the S and
S’ Binding Sites” Conroy, J. L.; Abato, P.; Ghosh, M.; Austermuhle, M. L; Kiefer, M. R.;
Seto, C. T. Tetrahedron Lett. 1998, 39, 8253 - 8256.

4. “4-Heterocyclohexanone-Based Inhibitors of the Serine Protease Plasmin” Sanders, T. C.;
Seto, C. T. J. Med. Chem. 1999, 42, 2969.

5. “A Combinatorial Library of Serine and Cysteine Protease Inhibitors that Interact with Both
the S and S’ Binding Sites” Abato, P.; Conroy, J. L.; Seto, C. T. J. Med. Chem. 1999, 42,
4001.

In order to review our progress over the period of this Career Development Award we have
reproduced the Statement of Work from the original proposal and provided a brief description of
our accomplishments concerning each task. The Statement of Work contains twelve research goals.

We have completed work on Tasks 1, 2, and 4-10. Concerning Task 3, our strategy for




synthesizing the protease inhibitors has changed over the last several years. This change has made
Task 3 much less relevant to the overall goals of the project, and we have thus chosen to pass over
this Task in order to pursue more interesting and productive avenues of research. A more complete
explanation of our rationale is provided below. Although we have not completed Tasks 11 and 12,
we are actively pursuing these goals. This research project will continue past the end of this non-
renewable grant since we have obtained funding for the project from the NIH (See the Reportable
Outcomes section of this report). By way of summary, we have addressed or are currently

addressing every Task that was in the Statement of Work in our original proposal.




Statement of Work

Task 1: Months 1 - 4 Finish with preliminary model studies that involve synthesis and evaluation
of inhibitors for the enzyme papain. Prepare a manuscript for an initial publication on cysteine

protease inhibitors that are based on the 4-heterocyclohexanone nucleus.

Progress: This task has been completed, as indicated in our first Annual Report (1997).
The work was published in the J. Am. Chem. Soc. 1997, 119, 4285. A reprint of this manuscript is

provided in the Appendix.

Task 2: Months 4 - 10 Prepare and evaluate inhibitors for the serine protease chymotrypsin.

Chymotrypsin inhibitors have been shown to have potential as cancer chemopreventive agents.

Progress: This task has been completed. The work was reported in our second and third
Annual Reports (1998 and 1999). A full description of these studies are provided in “4-
Heterocyclohexanone-Based Inhibitors of the Serine Protease Plasmin” Sanders, T. C.; Seto, C. T.
J. Med. Chem. 1999, 42, 2969, which is provided in the Appendix. As noted in our second Annual
Report, we have elected to study the serine protease plasmin rather than chymotrypsin, since

plasmin has a better established role in angiogenesis and metastasis.

Task 3: Months 6 - 12 Develop methodology for the stereoselective synthesis of our protease
inhibitors. Use this methodology to synthesize chymotrypsin inhibitors in a stereoselective

manner.

Progress: During the course of our research, our view of the utility of this task has

changed. At the outset of the project, we believed that developing a method to synthesize our




inhibitors in a stereoselective manner would increase the efficiency of the syntheses. While this is
still true, we have found that each time we begin to study a new enzyme, there is rarely enough
structural information available about the active site of the enzyme to allow us to accurately predict
the absolute stereochemistry of an inhibitor which will bind in the active site. Thus we have found
that it is more useful to synthesize the inhibitors as a mixture of two diastereomers, separate the
diastereomers by high pressure liquid chromatography, and evaluate the biological activity of each
of them separately. This is the strategy that we have used in all of our work, as detailed in our
publications: J. Am. Chem. Soc. 1997, 119, 4285; J. Org. Chem. 1998, 63, 2367, J. Med. Chem.
1999, 42, 2969; and J. Med. Chem. 1999, 42, 4001. A copy of all of these manuscripts is provided

in the Appendix. For these reasons we have not pursued this Task any further.

Task 4: Months 13 - 18 Develop methodology for synthesizing the 4-heterocyclohexanone core
of extended inhibitors that are able to make contacts with both the S and S' subsites of a target

enzyme.

Progress: This task has been completed, as indicated in our second Annual Report (1998).
The work was published in Tetrahedron Lett. 1998, 39, 8253. A reprint of this manuscript is

provided in the Appendix.

Task 5: Months 19 - 20 Develop methodology for incorporating the 4-heterocyclohexanone core

described in task 4 into a solid phase approach to synthesis of protease inhibitors.

Progress: This task has been completed, as indicated in our second Annual Report (1998).
The work was published in Tetrahedron Lett. 1998, 39, 8253. A reprint of this manuscript is

provided in the Appendix.




Task 6: Months 21 - 24 Apply the 4-heterocyclohexanone core described in task 4 to the

synthesis of a tight binding inhibitor of cathepsin B. Evaluate this new inhibitor of cathepsin B.

Progress: This task has been completed as indicated in our third Annual Report (1999).
We chose to use the 4-heterocyclohexanone core described in task 4 as the basis for constructing a
combinatorial library of 400 different inhibitors. We assayed this library of inhibitors against
several enzymes including cathepsin B. Using this technique we identified a 4-
heterocyclohexanone-based inhibitor that has an inhibition constant against cathepsin B of 1.1 mM.
This work is described in detail J. Med. Chem. 1999, 42, 4001, and a reprint is provided in the

Appendix.

Task 7: Months 8 - 24 Use lH-NMR spectroscopy to investigate the reactivity of the

chymotrypsin and cathepsin B inhibitors with nucleophiles in aqueous solution.

Progress: We have completed these experiments using inhibitors of papain as we reported
in our first Annual Report (1997), and in the publication J. Am. Chem. Soc. 1997, 119, 4285.
These studies were useful because they provided a physical-organic understanding of the structure-
activity relationships among the 4-heterocyclohexanone ring systems, their reactivity with
nucleophiles in aqueous solution, and their reactivity with enzyme active site nucleophiles. Based
upon these studies we now have a good understanding of what controls the formation of a covalent

bond between the inhibitors and active site nucleophiles.

Task 8: Months 25 - 28 Synthesize an inhibitor which incorporates a 13C label at the reactive

ketone functionality.




Progress: This task has been completed, as indicated in our first Annual Report (1997).
The work was published in J. Org. Chem. 1998, 63, 2367. A reprint of this manuscript is provided

in the Appendix.

Task 9: Months 29 - 31 Use 13C-NMR spectroscopy to investigate the interactions between the

13C-1abeled inhibitor and the enzyme active site residues.

Progress: This task has been completed, as indicated in our first Annual Report (1997).
The work was published in J. Org. Chem. 1998, 63, 2367. A reprint of this manuscript is provided

in the Appendix.

Task 10: Months 25 - 36 Synthesize and evaluate inhibitors for other serine and cysteine
proteases that have been implicated in the initiation and metastasis of cancer such as urokinase type

plasminogen activator, plasmin, and cathepsin L.

Progress: This task has been completed as reported in our third Annual Report (1999).
We have used the 4-heterocyclohexanone core described in task 4 as the basis for constructing a
combinatorial library of 400 different inhibitors. We have assayed this library of inhibitors against
several enzymes including cathepsin B, plasmin, urokinase type plasminogen activator, and
kallikrein. Using this technique we have identified an inhibitor that has excellent activity and
specificity for plasmin. In addition, we have learned a great deal of valuable information concerning
the specificities of the binding pockets within the active sites of these enzymes. This work is
described in detail in J. Med. Chem. 1999, 42, 4001, and a reprint is provided in the Appendix.

In addition, the inhibitors that we describe in J. Med. Chem. 1999, 42, 2969 have been
screened against the serine proteases plasmin, trypsin, thrombin, and kallikrein. Again, a reprint of

the manuscript is provided in the Appendix.
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Task 11: Months 37 - 48 Replace the peptide bonds in the inhibitors with hydrolytically stable

peptidomimetic linkages in order to improve the bioavailability of the compounds.

Progress: We are currently working on the synthesis of compound 6 (Figure 1). This
compound should be the most potent inhibitor of plasmin that we have synthesized to date. It
incorporates three key design elements that we know, from separate studies, to be important for
conferring both potency and specificity for the protease. These include an alkylammonium side
chain (R group in compound 6) that is meant to bind in the S1 specificity site of the enzyme, and
two tryptophan units that are designed to interact with the S2 and the S2’ specificity sites. In
addition, the molecule incorporates the cyclohexanone pharmacophore that will react with the active
site serine residue to give a reversibly formed hemiketal linkage. We anticipate that this compound
will have an inhibition constant against plasmin that is in the mid-nanomolar range.

There are four peptide-type linkages present in compound 6. However, in three out of the
four linkages we have replaced an amide bond with an alternate functionality that may provide better
stability to the compound against degradation by biological fluids. Moving from the N-terminal
side to the C-terminal side of the inhibitor, we have replaced the amide linkages with: 1) a carbamate
functionality; 2) a tertiary amide bond; 3) a standard peptide bond; and 4) a methyl ester.
Carbamates are known to be resistant to hydrolysis by many proteases. The tertiary amide bond,
though more hydrolytically labile than standard amide bonds, should not bind well to the
catalytically active residues in most proteases and thus is likely to be stable in biological media.

The ester linkage may be hydrolyzed to the corresponding carboxylic acid by non-specific
esterases. However, we know from previous studies that this chemical change does not

significantly alter the potency of inhibition against plasmin.

The synthesis of inhibitor 6 begins with compound 1. We have previously reported the
synthesis of compound 1 in Tetrahedron Lett. 1998, 39, 8253 - 8256. Reduction of the ketone in 1
with NaBH, followed by protection of the resulting alcohol with TBDMSCI gives alkene ester 2.

Hydrolysis of the ester, treatment of the resulting carboxylic acid with diphenylphosphoryl azide,

11




then trapping of the isocyanate with the anion of benzyl alcohol gives Cbz alkene 3. Cleavage of
the double bond with permanganate and periodate, coupling of the resulting carboxylic acid to a
protected tryptophan derivative, and removal of the Cbz protecting group by catalytic hydrogenation
gives amine 4. Reductive amination of the amine, coupling of the resulting secondary amine with a
protected tryptophan, and cleavage of the silyl protecting group with tetrabutylammonium flouride
gives alcohol 5. This is currently where we stand in the synthesis. The remaining two steps are yet
to be completed, and are indicated by a dashed arrow in Figure 1. These steps include oxidation of
the alcohol to the corresponding ketone with Dess-Martin periodinane, and removal of the Boc

protecting groups with trifluoroacetic acid. We do not anticipate any problems with these final two

steps of the synthesis.

Figure 1. Synthesis of a plasmin inhibitor with only one natural amide linkage.

OTBDMS 1) NaOH, MeOH, 68%

EtO,C 1) NaBH,, 60% _ EtO,C 2) (CGH50)2PON3
1 A 2) TBDMSCI, 80% . 3) BnOH, n-Buli
Only one enantiomer shown 2
OTBDMS 1) KMnOy, NalOy, 75% (2 steps) OTBDMS Trp(Boc)
- 2) H,NTrp(Boc)OMe, HBTU, 84%
CbzHN 2 . HaN N"CO:Me
S 3) Hp, PA/C, 62% H
3 -4
Trp(B R OH O  Trp(Boc
1) BocNH(CH,)sCHO, AcOH; NaBH,, 30% p(Boc) ! p(Boc)
2) CbzTrp(Boc)OH, HBTU, 70% . CbZHN/kn/ ,\ll Cone
3) Bu,NF 0

5 R= (CHz)eNHBOC

Trp El 0 0] Trp

1) Dess-Martin Periodinane
-_.) ...................... - CszN/kn/N I}I/LCOZMe
2) TFA o) H

6 R = (CHy)sNH,
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Once the synthesis of the inhibitor is complete, we will assay its activity against plasmin and
other serine and cysteine proteases using techniques that we have used previously. In addition we
will monitor the stability of compound 6 in biological fluids such as plasma in order to determine if
the peptide replacements that we have made to the molecule have been effective in increasing its

biocompatability.

Task 12: Months 37 - 48 Initiate collaborations with other researchers in order to evaluate our

protease inhibitors for anticancer activity in live cell systems.

Progress: We are in the process of developing a collaboration with Dr. Robert W. Mason,
Head of the Clinical Biochemistry Laboratory in the Department of Research at the Alfred 1.
DuPont Hospital for Children in Wilmington, DE. Through this collaboration we will study the in
vivo biological activity of the combinatorial library of protease inhibitors that we have already
developed (J. Med. Chem. 1999, 42, 4001), as well as new, larger libraries of inhibitors. Dr. Mason
is investigating the role that particular cysteine proteases play in tumor cell invasion and
proliferation (Xing, R.; Wu, F.; Mason, R. W. Cancer Research 1998, 58, 904). He is also

interested in discovering new proteases that are important in placental development.
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Key Research Accomplishments

We have demonstrated that the 4-heterocyclohexanone pharmacophore is an excellent platform

for the development of potent and specific inhibitors for serine and cysteine proteases.

We have shown that the potency of inhibition for a variety of 4-heterocyclohexanones is
directly correlated with the strength of the through-space electrostatic interaction between the
electrophilic ketone functionality and the ring heteroatom. This correlation allows us to make
accurate predictions concerning the potency of inhibition across a homologous series of

inhibitors.

We have demonstrated that the mechanism of inhibition involves formation of a reversible
covalent bond between the ketone of the inhibitor and the enzyme nucleophile in the active site

of the protease.

We have developed both solution and solid phase methodologies for synthesizing inhibitors

that make noncovalent contacts with both the S and S’ protease binding sites.

We have synthesized a variety of inhibitors that are based upon the 4-heterocyclohexanone ring
system. These inhibitors were screened against four different serine proteases: plasmin,
trypsin, thrombin, and kallikrein. The best of these inhibitors has high selectivity and good

affinity for plasmin.

We have synthesized a 400-membered combinatorial library of protease inhibitors that are
designed to interact with both the S and S’ enzyme binding sites, and screened the library
against a variety of proteases. Using this strategy we have identified a potent inhibitor of

plasmin that has an inhibition constant of 5 uM.
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Reportable Qutcomes

Publications

1. “Using the Electrostatic Field Effect to Design a New Class of Inhibitors for Cysteine
Proteases” Conroy, J. L; Sanders, T. C.; Seto*, C. T. J. Am. Chem. Soc. 1997, 119, 4285.

2. “PC NMR Studies Demonstrate that Tetrahydropyranone-Based Inhibitors Bind to Cysteine
Proteases by Reversible Formation of a Hemithioketal Adduct” Conroy, J. L.; Seto*, C. T., J.
Org. Chem. 1998, 63, 2367.

3. “Synthesis of Cyclohexanone-Based Cathepsin B Inhibitors that Interact with Both the S and
S’ Binding Sites” Conroy, J. L.; Abato, P.; Ghosh, M.; Austermuhle, M. L; Kiefer, M. R.;
Seto*, C. T. Tetrahedron Lett. 1998, 39, 8253 - 8256.

4. “Hydrolysis of Amides Catalyzed by 4-Heterocyclohexanones: Small Molecule Mimics of
Serine Proteases” Ghosh, M.; Conroy, J. L.; Seto*, C. T. Angew. Chemie. Int. Ed. Engl.
1999, 38, 514 - 516.

5. “4-Heterocyclohexanone-Based Inhibitors of the Serine Protease Plasmin” Sanders, T. C.;
Seto*, C. T. J. Med. Chem. 1999, 42, 2969.

6. “A Combinatorial Library of Serine and Cysteine Protease Inhibitors that Interact with Both
the S and S’ Binding Sites” Abato, P.; Conroy, J. L.; Seto*, C. T. J. Med. Chem. 1999, 42,
4001.

7. “Inhibition of Phosphatase Activity by Positively-Charged Cyclodextrins” Ghosh, M.;
Sanders, C. T.; Zhang, R.; Seto*, C. T. Org. Lett. 1999, 1, 1945..

8. “The Effects of Buffers on the Thermodynamics and Kinetics of Binding Between Positively-
Charged Cyclodextrins and Phosphate Ester Guests” Ghosh, M.; Zhang, R.; Lawler, R. G.;
Seto*, C. T. J. Org. Chem. 2000, 65, 735.
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9. “Biotinylation of Substituted Cysteines in the Nicotinic Acetylcholine Receptor Reveals
Distinct Binding Modes for a-Bungarotoxin and Erabutoxin a” Spura, A.; Riel, R. U,;

Freedman, N. D.; Agrawal, S.; Seto, C. T.; Hawrot, E.* J. Biol. Chem. 2000, 275, 22452.

Funded Research Grants

e American Chemical Society - Petroleum Research Fund Type G - Grant 30544-G4
Title: "Through-Space Electronic Interactions as the Basis for a New Class of Serine and
Cysteine Protease Inhibitors"
Level of Funding: $20,00 Duration: 1996 - 98
e Brown University - Salomon Faculty Research Award
Title: "Anticancer Agents Based on a New Class of Transition-State Analog Inhibitors for
Serine and Cysteine Proteases”
Level of Funding: $15,000 Duration: 1996 - 98
e National Institutes of Health - RO1 - Grant GM57327-01
Title: “A New Class of Serine and Cysteine Protease Inhibitors”

Level of Funding: $809,852 Duration: 1998 - 2003

Invited Research Presentations

e Ischia Advanced School of Organic Chemistry VII conference - September 30, Ischia, Italy
e Zeneca Pharmaceuticals Group - December 5, 1996

e Wesleyan University - October 15, 1997

e University of Rhode Island - October 17, 1997

e University of Maryland - November 11, 1997

e Rhode Island College - November 21, 1997

¢ Rutgers University, Newark - April 17, 1998
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University of Massachusetts, Amherst - April 30, 1998

National Science Foundation Workshop on Natural Products - July 16 - 20, 1998
University of Connecticut - November 9, 1998

University of Missouri at Columbia - February 10, 1999

University of Wisconsin - February 11, 1999

Tufts University - March 2, 1999

Wellesley College - October 29, 1999

Boston College - November 23, 1999

Merrimack College — February 2, 2000

Aventis Pharmaceuticals Inc. — May 24, 2000

Bioorganic Gordon Research Conference Short Talk - June 20, 2000
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|
| Conclusions

This Final Report describes our efforts, over the last four years, to systematically investigate
anew class of serine and cysteine protease inhibitors as potential anticancer agents. Cancer cells
release a number of serine and cysteine proteases that have been shown to stimulate angiogenesis
and to promote the proliferation and migration of tumor cells. These enzymes either act directly by
degrading components of the extracellular matrix and basement membrane such as collagen, elastin,
fibronectin, laminin, and entactin, or indirectly by activating other proteolytic enzymes. Inhibition of
these proteases has been shown to be an effective method for blocking tumor invasion of the
extracellular matrix and basement membrane by cancer cells. Thus development of a new class of
potent and specific inhibitors for these enzymes should have a direct impact on the treatment of
breast cancer by providing chemotherapeutic agents which are designed to inhibit tumor growth and
metastasis.

During the past four years we have demonstrated that the 4-heterocyclohexanone
pharmacophore is useful for developing a number of potent and specific inhibitors for serine and
cysteine proteases that are important in both angiogenesis and metastasis. Our mechanistic
investigations have shown that these inhibitors act by forming a reversible covalent bond with the
active site nucleophile of the proteases. These studies demonstrate that our initial design process
for these inhibitors was successful. We have expanded the structure of the inhibitors to make
noncovalent contacts with both the S and S’ subsites of the proteases. This modification was
expected to further increase their potency and specificity for cancer-related proteases. Using the
core pharmacophore that resulted from this synthetic work, we have constructed a 400-membered
combinatorial library of protease inhibitors and screened this library against a variety of cancer-
related proteases. This process resulted in the discovery of a highly potent inhibitor of the serine
protease plasmin. We are currently making rational modifications to this plasmin inhibitor to
increase its stability in vivo. We are also initiating a collaboration in order to investigate the

anticancer activity of the protease inhibitors in live cell systems.
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Abstract: A new class of competitive inhibitors for the cysteine protease papain is described. These inhibitors are
based upon a 4-heterocyclohexanone ring and are designed to react with the enzyme active site nucleophile to give
a reversibly formed hemithioketal. The electrophilicity of the ketone in these inhibitors is enhanced by ring strain
and by through-space electrostatic repulsion with the heteroatom at the 1-position of the ring. Equilibrium constants
for addition of water and 3-mercaptopropionic acid to several 4-heterocyclohexanones were measured by 'H NMR
spectroscopy. These reactions model addition of the active site nucleophile to the corresponding inhibitors. The
equilibrium constants give a linear correlation with the field substituent constant F for the functional group at the
1-position of the heterocyclohexanone. These equilibrium constants also correlate well with the inhibition constants
for the 4-heterocyclohexanone-based inhibitors, which range from 11 to 120 4uM. Thus, the model system can be

used to predict the potency of structurally related enzyme inhibitors.

Introduction

The Field Effect. The physical-organic literature contains
many examples of chemical systems that use through-space
electronic interactions to control equilibria or regio- and
stereospecificity of organic reactions.!? Molecules such as
4-substituted bicyclo[2.2.2]octane-1-carboxylic acid have been
developed to investigate the Coulombic interaction between a
polar substituent and a carboxylic acid.> The through-space
electrostatic interaction between these groups perturbs the pK,
of the acid. More recently, Siegel and co-workers examined
through-space polar s interactions in para-substituted 2,6-
diphenylbenzoic acids.# In this system, the substituents alter
the polarity of the phenyl rings, which in turn influence
the acidity and hydrogen-bonding characteristics of the car-
boxylic acid. These examples demonstrate that through-space
electrostatic interactions can exert a powerful influence on
chemical reactions. Despite the importance of these studies,
we and others* have noted that through-space interactions
are seldom used as a rational design element in bioorganic and
medicinal chemistry.> In this paper, we present a physical-
organic strategy for designing a new class of inhibitors for
cysteine proteases. These inhibitors are based on a 4-hetero-
cyclohexanone nucleus and take advantage of through-space
electrostatic repulsion to control the potency of enzyme
inhibition.

@ Abstract published in Advance ACS Abstracts, May 1, 1997.

(1) (a) Winstein, S.; Shatavsky, M.; Norton, C.; Woodward, R. B. J.
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Other Cysteine Protease Inhibitors. Cysteine proteases are
important targets in medicinal chemistry. They have been
implicated in diseases such as rheumatoid arthritis,® muscular
dystrophy,” and cancer metastasis.>® Many types of chemical
functionality have served as the central pharmacophore for
reversible and irreversible inhibitors of cysteine proteases.
Among the reversible inhibitors are aldehydes,? nitriles, ! a-keto
carbonyl compounds,!! and cyclopropenones.}? Aldehydes and
nitriles inhibit proteases by forming a reversible covalent bond
between the electrophilic functionality of the inhibitor and the
nucleophilic sulfur atom of the active site cysteine residue.!?
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Chart 1. Structures of Cysteine Protease Inhibitors

Ph
0 H O
MeO\"/\/U\N)\‘(Nfﬁ
0 oo
X = CHy, S, 0, NH,*

This mechanism is also likely to be operative in the a-keto
carbonyl!! and cyclopropenone inhibitors.

Design of Inhibitors. Chart 1 shows the structures of
4-heterocyclohexanone-based inhibitors for the cysteine protease
papain. These inhibitors consist of a 4-heterocyclohexanone
core that is appended with an N-(methoxysuccinyl)phenylalanine
side chain. We have chosen papain for our initial studies
because its structure and mechanism have been thoroughly
characterized. In addition, it provides a good model for
evaluating the design of new inhibitors and for comparing them
to previously reported compounds. The inhibitors include a
phenylalanine residue because papain has a high specificity for
this amino acid at the P2 position.* The methoxysuccinyl group
was attached in order to increase solubility of the compounds
in aqueous solution.

The inhibitors incorporate an electrophilic ketone moiety that
is designed to give a reversibly formed hemithioketal with the
enzyme active site nucleophile, in analogy with previously
reported inhibitors. Compounds based upon unactivated ketones
are not electrophilic enough to react with the active site cysteine
nucleophile.!* However, the carbonyl groups in 4-heterocy-
clohexanones are more electrophilic than standard ketones. Two
factors increase their reactivity. First, there is an unfavorable
dipole—dipole repulsion between the carbonyl and the heteroa-
tom at the 1-position of the ring.!6!® This interaction desta-
bilizes the ketone, but is dissipated by addition of nucleophiles.
Second, ring strain enhances the reactivity of 4-heterocyclo-
hexanones. The cyclic compounds are more strained than their
acyclic counterparts, and this strain is relieved by nucleophilic
addition to the carbonyl to give a tetrahedral center.!81?
Variations in the bond angles and bond lengths associated with
the heteroatom will modulate this effect.?

An alternate method for increasing the electrophilicity of
ketones is to add electron-withdrawing substituents to them. This
strategy, which relies on through-bond inductive effects, has
been implemented in the synthesis of potent trifluoromethyl
ketone inhibitors of serine proteases.2! However, these com-
pounds have been found to be poor reversible inhibitors of
cysteine proteases.?

We have synthesized a series of inhibitors that incorporate
increasingly electronegative functional groups at the 1-position

(14) (a) Hanzlik, R. P.; Jacober, S. P.; Zygmunt, J. Biochim. Biophys.
Acta 1991, 1073, 33. (b) Berti, P. J.; Faerman, C. H.; Storer, A. C.
Biochemistry 1991, 30, 1394.

(15) Bendall, M. R.; Cartwright, I. L.; Clart, P. I.; Lowe, G.; Nurse, D.
Eur. J. Biochem. 19717, 79, 201.

(16) Geneste, P.; Durand, R.; Hugon, I.; Reminiac, C. J. Org. Chem.
1979, 44, 1971.

(17) Das, G.; Thomton, E. R. J. Am. Chem. Soc. 1993, 115, 1302.

(18) Burkey, T. J.; Fahey, R. C. J. Org. Chem. 1985, 50, 1304.

(19) (a) Allinger, N. L.; Tribgle, M. T.; Miller, M. A. Tetrahedron 1972,
28, 1173. (b) Gung, B. W.; Wolf, M. A.; Mareska, D. A.; Karipides, A. J.
Org. Chem. 1994, 59, 4899.

(20) Transannular anomeric interactions have been used previously to
explain reaction rates and axial selectivities for addition of nucleophiles to
4-heterocyclohexanones. It is possible that these types of interactions also
stabilize the hemithioketal that results from nucleophilic addition of a thiol
to these ketones. (a) Cieplak, A. S. J. Am. Chem. Soc. 1981, 103, 4540. (b)
Cieplak, A. S. J. Am. Chem. Soc. 1989, 111, 8447 and references therein.

(21) (a) Imperiali, B.; Abeles, R. H. Biochemistry 1986, 25, 3760. (b)
Brady, K.; Abeles, R. H. Biochemistry 1990, 29, 7608. (c) Govardhan, C.
P.. Abeles, R. H. Arch. Biochem. Biophys. 1990, 280, 137.
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Table 1. Equilibrium Constants for Addition of Water and Thiol
to Selected Ketones*

HO_ OH B o « HO_ SR
ot o o =S
X X X
X KioM™)  Kpsu(M™)  Krsuap (M)
CH; 8.1 x 107 0.22 0.21
S 9.0 x 1073 1.5 0.99
(0] 8.0 x 1073 1.8 1.3
NH,* 0.18 27.6 2.7
SO 0.068 11.7 2.5
SO, 0.30 60.2 35
Other Ketones

CH3COCH»? 23 x 1073 0.0052 0.0052
CH;COCO,H? 0.031 58 22
CH;COCO,CH;* 0.045 71 20

«RSH = HO,CCH,CH,SH. ? Data taken from reference 23.

of the heterocyclohexanone ring. These compounds have
allowed us to examine the relationship between the electronic
characteristics of the X group (Chart 1) and the potency of the
inhibitor. Electronegative X groups are expected to destabilize
the ketone via through-space electrostatic repulsion, thereby
shifting the ketone—hemithioketal equilibrium in favor of the
hemithioketal and resulting in more potent inhibition.

The compounds reported in this paper are first-generation
inhibitors that interact only with the S subsites of the enzyme
active site. However, the 4-heterocyclohexanone nucleus
can be derivatized on both sides of the electrophilic carbonyl
to yield inhibitors that make contacts with both the S and S’
subsites. This is in contrast to aldehyde- and nitrile-based
inhibitors that are limited to interactions with only half of the
active site.

Results

Model System. Before we undertook the multistep synthesis
of our cysteine protease inhibitors, we first wanted to investigate
the degree to which the heteroatom influences the reactivity of
the ketone in these compounds. We have thus measured the
equilibrium constants for addition of water and thiol nucleophiles
to simple 4-heterocyclohexanones. These nucleophilic additions
serve as a model for reaction of the enzyme active site
nucleophile with the inhibitors.

Table 1 shows equilibrium constants for addition of water
and 3-mercaptopropionic acid to a variety of ketones. The equil-
ibrium constants were determined using 'H NMR spectroscopy
according to the procedure of Burkey and Fahey.!32 Figure 1
shows NMR spectra of tetrahydropyran-4-one as an example
of how these measurements were made. The bottom spectrum,
taken in acetone-ds, shows resonances that correspond to
tetrahydropyranone. The middle spectrum, taken in D20, shows
resonances for the both the ketone (a and b) and the hydrate (c
and d). These two species are in slow exchange on the NMR
time scale. Integration of the resonances can be used to
determine the hydration equilibrium constant. The top spectrum
shows a mixture of tetrahydropyranone and 3-mercaptopropionic
acid in D,O. We observe resonances for ketone, hydrate,
hemithioketal (e—h), and free thiol (i and j). Equilibrium
constants for several of the ketones listed in Table 1 have been
measured previously under different reaction conditions.!®? Qur
equilibrium constants are in reasonable agreement with the

(22) (a) Smith, R. A; Copp, L. J.; Donnelly, S. L.; Spencer, R. W,;
Krantz, A. Biochemistry 1988, 27, 6568. (b) Peptide monofluoromethyl
ketones have been shown to be selective irreversible inhibitors of cysteine
proteases: Rasnick, D. Anal. Biochem. 1985, 149, 461. (c) Rauber, P.;
Angliker, H.; Walker, B.; Shaw, E. Biochem. J. 1986, 239, 633.

(23) Burkey, T. J.; Fahey, R. C. J. Am. Chem. Soc. 1983, 105, 868.
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a (a) NaH, catalytic MeOH, 81%; (b) LDA, THF, —78 °C, 31%; (c) CbzCl, TEA, 95%; (d) ethanedithiol, TsOH, 94% from 3, 74% from 7; (¢)
1,3-propanediol, TsOH, 77%; (f) ethanedithiol, BF3-Et0, 43%; (g) NaOH, MeOH; (h) diphenylphosphoryl azide, benzene, followed by t-BuOK,
THF, 60% from 8, 37% from 9, 44% from 10, 71% from 11 (two step yields); (i) TFA, CH;Clp; (j) FmocPhe-F, DIEA, 92% (two steps); (k)
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Figure 1. 'H NMR spectra of the ketone, hydrate, and hemithioketal
of tetrahydropyranone. The bottom spectrum shows the ketone in
acetone-d solution. The middle spectrum shows a mixture of ketone
and hydrate in D;0 solution. The top spectrum shows a mixture of
ketone, hydrate, hemithioketal, and free thiol in D,O solution.

previously reported values. Equilibrium constants for acetone,
pyruvic acid, and methyl pyruvate are taken from the literature.”

The hydration equilibrium constant for cyclohexanone is 35
times greater than that of acetone. In cyclohexanone, ring strain

destabilizes the ketone and shifts the equilibrium by 2.1 kcal/
mol in favor of hydrate when compared to acetone. Substituting
electronegative functionality at the 4-position of the cyclohex-
anone ring leads to further destabilization of the ketone as a
result of through-space electrostatic repulsion. For example,
in the sulfone-containing molecule, the equilibrium is shifted
by an additional 3.5 kcal/mol in favor of the hydrate. These
results demonstrate that the electrostatic field effect, in combina-
tion with ring strain, can have a significant influence on the
stability of hydrates. Similar trends are observed for the
formation of hemithioketals.

The reaction between an enzyme and an inhibitor occurs in
an aqueous environment. We must therefore consider that
reaction between papain and the 4-heterocyclohexanone-based
inhibitors will occur in competition with reaction between the
inhibitor and water. This competition will lower the effective
concentration of the inhibitor. We have calculated an apparent
equilibrium constant for addition of thiol to ketone (Krst,app),
first described by Jencks,? that accounts for the fact that the
inhibitor will be present as a mixture of both ketone and hydrate
in aqueous solution.

Ky = [hemithioketal}/[ketone + hydrate][thiol] =

Kgsu/(1 + Ky o[H,0]) (1)

SH,app

For molecules such as acetone that form a minimal amount of
hydrate, the Kgsuapp value is approximately equal to Kgsh.
However, if a ketone forms a significant amount of hydrate,
then Krstiapp is less than Krsh. If the ketone, but not the hydrate
form of these compounds, is the active inhibitory species, we
would expect a correlation between the Krsuapp value of the
parent ketone and the potency of the corresponding inhibitor.

Synthesis of Inhibitors. We have developed a generalized
strategy for the synthesis of our papain inhibitors (Scheme 1).
This strategy allows us to perform similar reactions in the

(24) (a) Wiberg, K. B.; Morgan, K. M,; Maltz, H. J. Am. Chem. Soc.
1994, 116, 11067. (b)Van Luppen, J. J.; Lepoivre, J. A.; Dommissee, R.
A.: Alderweireldt, F. C. Org. Magn. Reson. 1979, 12, 399.

(25) Sanders, E. G.; Jencks, W. P. J. Am. Chem. Soc. 1968, 90, 6154.
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preparation of each of the four target compounds. Dieckmann
condensation of diesters 1 and 2 gives keto esters 4 and 5.
Compounds 3 and 6 are commercially available. The yield for
cyclization of 2 is only 31%, presumably because of competing
B-elimination. However, this represents a significant improve-
ment over the previously reported synthesis of methyl tetrahy-
dropyran-4-one-3-carboxylate, which proceeded in 8% yield.?
The ketones in compounds 3, 5, and 7 are protected as thioketals.
Since the oxidative conditions that are used for removal of this
protecting group are not compatible with thioethers, compound
4 is protected as an oxygen ketal. The esters are hydrolyzed
and the resulting carboxylic acids are treated with diphenylphos-
phoryl azide.?” Curtius rearrangement followed by trapping of
the isocyanates with -BuOK gives carbamates 16—19. The
Boc protecting groups are removed with trifluoroacetic acid,
and the resulting amines are coupled with an N-protected
phenylalanine derivative.?® After removing the phenylalanine
protecting groups, the free amines are coupled to monomethyl
succinate to give compounds 26—29. The thioketal protecting
groups in compounds 26, 28, and 29 are removed by treatment
with N-bromosuccinimide,?® and the diastereomers of inhibitors
30 and 32 are separated by HPLC. The Cbz protecting group
in compound 33 is removed by catalytic hydrogenation to give
inhibitor 34, which is evaluated as a mixture of diastereomers.
The diastereomers of 27 can be separated by flash chromatog-
raphy, and each are then treated with acetone and p-toluene-
sulfonic acid to give the separate diastereomers of inhibitor 31.

Racemization of Inhibitors. Papain is assayed in 100 mM
phosphate buffer at pH 6.5. These conditions may catalyze the
enolization of the ketone in our inhibitors and thus lead to their
racemization. We have monitored this reaction using HPLC
or 'H NMR spectroscopy. The cyclohexanone-based inhibitor
30 was very stable under the assay conditions, showing less
that 5% racemization after 24 h. Tetrahydropyranone 32 was
somewhat less stable, with a half-time for racemization of 5.25
h. However, this reaction is slow enough so that over the time
period of a typical enzyme assay, the compound racemizes less
than 1%. We were unable to separate the diastereomers of
piperidone inhibitor 34 or its precursor 33 by standard chro-
matographic techniques. However, the diastereomers of com-
pound 35, which has an acetyl group on its N-terminus rather
than a methoxysuccinyl group, were readily separated by HPLC.
We therefore chose to study racemization of compound 36 by
IH NMR spectroscopy. Over the course of the 10 min required

Ph
o] I;IO
S00e
H O r;:
R

35aandb: R=Cbz
36aandb: R=H

to prepare the sample and acquire the spectrum, this compound
was completely racemized. Therefore, we measured the inhibi-
tion constant for compound 34 as a mixture of diastereomers.
We have not examined racemization of the tetrahydrothiopy-
ranone-based inhibitor 31, but observed reactivity trends and
chemical intuition both suggest that it should have a racemiza-
tion rate that falls between that of compounds 30 and 32.
Inhibition Studies. The 4-heterocyclohexanone-based in-
hibitors 30—32 and 34 are all reversible competitive inhibitors

(26) Dowd, P.; Choi, S.-C. Tetrahedron 1991, 47, 4847.

(27) Shioiri, T.; Ninomiya, K.; Yamada, S. J. Am. Chem. Soc. 1972, 94,
6203.

(28) (a) Carpino, L. A.; Sadat-Aalace, D.; Chao, H. G.; DeSelms, R. H.
J. Am. Chem. Soc. 1990, 112, 9651. (b) Carpino, L. A.; Mansour, E. M. E.;
Sadat-Aalaee, D. J. Org. Chem. 1991, 56, 2611.

(29) Corey, E. J.; Erickson, B. W. J. Org. Chem. 1971, 36, 3553.
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Table 2. Inhibition of Papain by 4-Heterocyclohexanone-Based
Inhibitors

Ph
I;l (0]
Meo\"/\,lL,:J Nﬂ_[l‘j
o} H O X
K; (uM)
more-potent less-potent
X diastereomer diastereomer

CH; 78 3200
S 26 2400
(0] 11 3300

NH,* 121

Other Ketone-Based Inhibitors
AcPhe-NHCH,COMe 1550%
ZPhe-NHCH,COCO,H 7
ZPhe-NHCH,COCO,Me 1€

@ Assayed as a mixture of diastereomers. This compound racemizes
under the assay conditions. # Data from ref 15. < Data from ref 11.

of papain (Table 2).*® The enzyme shows a clear preference
for one diastereomer of each inhibitor, although we have not
determined the absolute configuration of the tighter binding
diastereomer. Data for the acetone-, pyruvic acid-, and methyl
pyruvate-based inhibitors are included in Table 2 for compari-
son. Although these three reference compounds do not have a
methoxysuccinyl group on their N-terminus, our previous work
has demonstrated that inhibitors with N-acetyl or N-Cbz blocking
groups have inhibition constants that are within a factor of two
of the N-methoxysuccinyl compounds.

The cyclohexanone-based inhibitor (X = CHy) is 20 times
more potent than the noncyclic acetone-based inhibitor. This
is a reflection of the ring strain in cyclohexanone that destabi-
lizes the ketone relative to the hemithioketal that is formed by
reaction of the inhibitor with the active site nucleophile.
Substituting electronegative functionality into the ring (X = §,
0) leads to even better inhibitors. This trend in inhibition
constants mirrors the differences that we observe for reaction
of the parent ketones with water and thiol nucleophiles. The
only compound that does not fit the trend is the piperidone-
based inhibitor 34. This compound is protonated under the
assay conditions (pH 6.5), and its low potency is likely caused
by the unfavorability of placing this positive charge into the
enzyme active site.?

Discussion

Linear Free-Energy Relationship. We observe a correlation
between the reactivity of 4-heterocyclohexanones and the
electronic properties of the heteroatom in these molecules. This
correlation requires an appropriate description of the magnitude
of the through-space electrostatic repulsion between the het-
eroatom and the ketone. Swain and Lupton3! have constructed
a modified Hammett equation (eq 2) in which they describe
the electronic characteristics of substituents in terms of two
parameters; a field substituent constant F, and a resonance
substituent constant R.

log(K,/Kyy) = p(fF + rR) )

The terms f and r are empirical weighing factors that are
specific for the particular reaction and set of reaction conditions,

(30) Enzyme assays were performed according to the procedures of ref
11. None of these compounds showed evidence of slow-binding inhibition.
Lineweaver—Burk plots are available in the Supporting Information.

(31) (a) Swain, C. G.; Lupton, E. C,, Jr. J. Am. Chem. Soc. 1968, 90,
4328. (b) Swain, C. G.; Unger, S. H.; Rosenquist, N. R.; Swain, M. 8. J.
Am. Chem. Soc. 1983, 105, 492.
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Figure 2. Correlation between the logarithm of the apparent equilib-
rium constant for addition of thiol to 4-heterocyclohexanones and the
field substituent constant F (log Krsuapp = 1.1F — 0.5; correlation
coefficient = 0.97).

while the F and R parameters are independent of the reaction.
If the major interaction between the heteroatom and ketone is
electrostatic, then the field substituent constant F should provide
a good measure of this interaction.

The chemical systems that are used to define field substituent
constants are designed so that the substituents are attached to
the parent molecules through a single bond.3! However, in
4-heterocyclohexanones the heteroatom is attached by two
bonds. We have thus approximated the functionality at the
1-position of heterocyclohexan-4-ones by using the field
constant for the substituents -CHj, -SCHj3, -OCH3, -SOCH3, and
-SO,CH;. Protonated piperidone has been omitted from our
analysis because the F value for the corresponding substituent,
-NH,CH;", has not been reported.

Figure 2 shows that there is a good correlation between the
logarithm of the apparent equilibrium constants for addition of
thiol to 4-heterocyclohexanones (log Krsuapp) and the field
substituent constants.3? This correlation confirms that the
interaction between the heteroatom and the ketone in 4-hetero-
cyclohexanones is best described as a through-space electrostatic
repulsion. Resonance effects, differences in ring strain, and
transannular anomeric effects?® have a relatively minor influence
on the equilibria of the reversible addition of water and thiol
nucleophiles to these ketones. The slope of the line in Figure
2is 1.1. A similar plot for dissociation of 4-substituted benzoic
acids has a slope of 0.49.3! Comparison of these values suggests
that addition of thiols to 4-heterocyclohexanones responds two
times more strongly to the field component of the electronic
effects exerted by substituents. The larger slope for the addition
reaction is reasonable because the substituent and reaction center
are closer together than they are in 4-substituted benzoic acids.

Correlation between Ketone Reactivity and Enzyme
Inhibition. We have designed our cysteine protease inhibitors
on the basis of the supposition that inhibitor potency is controlled
by the stability of the hemithioketal that results from addition
of the active site nucleophile to the inhibitor, although we have
not proved the existence of this hemithioketal through structural
studies. If this supposition is correct, we should observe a
correlation between inhibition constants and the equilibrium
constants for addition of thiol to the parent ketones. Because
enzyme inhibition takes place in aqueous solvent, the most
appropriate comparison is between inhibition constants and
Krsu.app values.33

(32) A good correlation also exists between log Krsy and F and between
log Ku,0 and F. However, there is a poor correlation between log KrsH,upp
and the resonance substituent constant R (correlation coefficient = 0.41)

(33) For a similar analysis involving inhibitors of cathepsin B, see: ref
22a.
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Figure 3. Correlation between inhibition constant (pK;) of the ketone-
based inhibitors and the logarithm of the apparent equilibrium constant
for addition of thiol to the parent ketones (pK; = 0.8 log Krsuapp +
4.6; correlation coefficient = 0.96).

The correlation shown in Figure 3 demonstrates that addition
of 3-mercaptopropionic acid to simple ketones in aqueous
solution is an appropriate model for addition of the enzyme
active site cysteine residue to the corresponding ketone-based
inhibitors. The apparent equilibrium constant for the model
reaction provides a good prediction of inhibitor potency for this
structurally homologous series of compounds. The plot of pKX;
vs log Krsu,app has a slope of 0.8. This slope, which is less
than unity, indicates that the enzymatic addition reaction
responds less efficiently to the electrophilicity of the ketone
than does the model system. The difference in reactivity is
likely caused by the differences in steric, electronic, solvation,
and orientational requirements of the enzymatic reaction com-
pared to the reaction in solution.

We have omitted the piperidone-based inhibitor 34 from the
linear regression in Figure 3 because the positive charge on this
molecule perturbs its reactivity with the enzyme. As expected,
this inhibitor does not fit well into a correlation that is based
simply upon electrophilicity of the ketone in these molecules.

Conclusions. The results presented in this paper demonstrate
that through-space electrostatic interactions can be useful and
predictable design elements for construction of bioactive
molecules. The physical-organic correlations point the way
toward synthesis of more potent inhibitors. This goal can be
achieved by choosing functionality that further increase the
electrostatic repulsion between the heteroatom and the ketone
in 4-heterocyclohexanones, such as a sulfoxide or sulfone. In
addition, potency and specificity can be increased by function-
alizing both the 3- and 5-positions of the heterocyclohexanone
ring so that we extend noncovalent interactions of the inhibitor
into the leaving group subsites. Future studies will be aimed
toward proving formation of the hemithioketal intermediate
using 13C NMR spectroscopy in conjuction with an inhibitor
that is labeled with '3C at the ketone carbon.

Experimental Section

General Methods. NMR spectra were recorded on Brucker WM-
250 or AM-400 instruments. Spectra were calibrated using TMS (8
= 0.00 ppm) for 'H NMR and CDCI; (6 = 77.0) for *C NMR. IR
spectra were recorded on a Perkin-Elmer 1700 series FT-IR spectrom-
eter. Mass spectra were recorded on a Kratos MS 80 under electron
impact (EI), chemical ionization (CI), or fast-atom bombardment (FAB)
conditions. HPLC analyses were performed on a Rainin HPLC system
with Rainin Microsorb silica or C18 columns and UV detection.
Semipreparative HPLC was performed on the same system using a
semipreparative column (21.4 x 250 mm).
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Reactions were conducted under an atmosphere of dry nitrogen in
oven-dried glassware. Anhydrous procedures were conducted using
standard syringe and cannula transfer techniques. THF and toluene
were distilled from sodium and benzophenone. Methylene chloride
was distilled from CaH,. Other solvents were of reagent grade and
were stored over 4 A molecular sieves. All other reagents were used
as received. Organic solutions were dried with MgSO, unless otherwise
noted. Solvent removal was performed by rotary evaporation at water
aspirator pressure.

Experimental details of the synthesis of inhibitors 30, 31, and 34
are available in the Supporting Information.

Di-n-propyl 4-Oxa-1,7-heptanedioate 2. A solution of 3,3’
oxydipropionitrile (18.9 g, 152 mmol) and p-toluenesulfonic acid (p-
TsOH) monohydrate (115.8 g, 608 mmol) in n-propanol (200 mL) was
refluxed for 24 h. The solution was cooled and concentrated to
approximately 150 mL. The resulting solution was partitioned between
350 mL of water and 350 mL of hexanes. The organic layer was
separated and washed with saturated NaHCO; (200 mL), water (300
mL), and brine (150 mL). The solution was dried, filtered, and
concentrated, and the crude material was purified by flash chromatog-
raphy (1:3 EtOAc/hexanes) to yield 2 (21.2 g, 57%) as a colorless liquid.
The product can also be purified by vacuum distillation (bp 158 °C, 6
mm) in somewhat lower yields (45%): Ry 0.66 (1:1 EtOAc/hexanes);
TH NMR (400 MHz, CDCls) & 0.94 (t, J = 7.4 Hz, 3H), 1.66 (dt, J =
7.0, 7.1 Hz, 2H), 2.57 (t, J = 6.1 Hz, 2H), 3.73 (t, J = 6.4 Hz, 2H),
4.04 (t, J = 6.7 Hz, 2H); 3C NMR (100 MHz, CDCl;) 6 10.3, 21.9,
35.0, 66.1, 66.4, 171.5; HRMS-FAB calcd for C;zH»Os 246.1467,
found 246.1467.

n-Propyl Tetrahydropyran-4-one-3-carboxylate 5. To a solution
of diispropylamine (4.65 g, 45.9 mmol) in THF (50 mL) at —78 °C
was added n-butyllithium (4.38 mL of 10.0 M in hexanes). This
solution was added via cannula to a solution of 2 (5.14 g, 20.9 mmol)
in THF (300 mL) at —78 °C. The solution was stirred at —78 °C for
15 min, and then the reaction was quenched by the addition of 25 mL
of H,O. The solution was partitioned between 200 mL of 1 N HC1
and 200 mL of hexanes. The resulting aqueous layer was extracted
with EtOAc (150 mL), and the combined organic layers were washed
with brine (300 mL). The solution was dried, filtered, and concentrated,
and the crude material purified by flash chromatography (1:4 E©,O/
hexanes) to yield 5 (1.19 g, 31%) as a mixture of keto and enol
tautomers: Ry= 0.54 (1:1 Et;O/hexanes); 'H NMR (400 MHz, CDCl5)
4 0.95 (t, J = 6.3 Hz, 3H), 1.27—-1.31 (m), 1.61—1.75 (m, 2H), 2.37—
2.41 (m, 3H), 2.52—2.59 (m), 2.66—2.73 (m), 3.46—3.50 (m), 3.71—
3.75 (m), 3.85 (t, J = 5.7 Hz, 2H), 3.98—4.10 (m), 4.12 (t, /= 6.6 Hz,
2H), 4.16—4.25 (m), 4.28 (t, J = 1.7 Hz, 2H), 11.85 (s, 1H); *C NMR
(100 MHz, CDCl3) 6 10.2, 21.9, 28.6, 41.8, 57.8, 63.9, 65.8, 66.3,
67.0, 68.1, 69.6, 97.4, 127.8, 129.7, 168.7, 170.1, 201.4; HRMS-EI
(M) caled for CoHy4O4 186.0892, found 186.0894.

Tetrahydropyranone Thioketal 10. To a solution of 5 (1.26 g,
6.8 mmol) and 1,2-ethanedithiol (1.28 g, 13.6 mmol) in CH,Cl, (20
mL) cooled in an ice bath was added BF3-Et,0 (1.04 mL, 8.5 mmol).
The solution was stirred at 0 °C for 4 h, and then it was washed with
10% aqueous NaOH solution, water, and brine (20 mL). The organic
layer was dried, and concentrated, and the crude material was purified
by flash chromatography (2:3 EtOAc/hexanes) to yield 10 (0.77 g, 43%)
as a colorless oil: 'H NMR (400 MHz, CDCl;) 6 0.96 (t, J = 7.4 Hz,
3H), 1.63—1.73 (m, 2H), 1.93 (dm, J = 13.7 Hz, 1H), 2.84—2.88 (m,
1H), 2.91—2.92 (m, 1H), 3.24—3.32 (m, 4H), 3.64—3.69 (m, 1H), 3.90—
3.93 (m, 2H), 4.08—4.14 (m, 3H); >*C NMR (100 MHz, CDCl;) é
10.4,21.9, 38.3, 39.1, 40.0, 54.8, 65.7, 66.5, 67.8, 69.5, 171.0; HRMS-
EI (M) caled for C;1H,303S; 262.0697, found 262.0707.

Tetrahydropyranone Carboxylic Acid 14. To a solution of 10
(0.41 g, 1.58 mmol) in MeOH (10 mL) was added 1 N NaOH (10
mL). The solution was stirred at 30 °C for 50 h. The solution was
then cooled and diluted with 0.2 N NaOH (10 mL). The solution was
washed with 1:1 EtOAc/hexanes (10 mL), and the aqueous layer was
separated and acidified with 1 N HCL. The acidic aqueous solution
was extracted with EtOAc (2 x 40 mL). These organic extracts were
washed with brine (50 mL), dried, and concentrated. The resulting
solid was recrystallized from EtOAc/hexanes to yield 14 (0.22 g, 68%)
as a white solid: 'H NMR (400 MHz, CDCl,) 6 1.98 (d, / = 13.8 Hz,
1H), 2.76 (m, 1H), 2.99 (t, J = 3.3 Hz, 1H), 3.29-3.35 (m, 4H), 3.68—
3.74 (m, 1H), 3.88 (1, J = 4.3 Hz, 1H), 3.93 (t, J = 4.2 Hz, 1H), 3.99
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(dd, J = 3.4, 12.2 Hz, 1H), 4.12 (dd, J = 3.4, 11.8 Hz, 1H); ®C NMR
(100 MHz, CDCl3) 6 38.5, 39.2, 40.3, 54.2, 65.5, 67.8, 69.2; HRMS-
EI (M) calcd for CsH1203S2 220.0228, found 220.0224.
Tetrahydropyranone Carbamate 18. A solution of 14 (0.22 g,
1.0 mmol), N,N-diisopropylethylamine (DIEA, 1.9 g, 1.50 mmol), and
diphenylphosphoryl azide (DPPA, 0.28 g, 1.0 mmol) in benzene (10
mL) was refluxed overnight. Aliquots of the reaction mixture were
monitored for disappearance of the acyl azide peak at 2168 cm™! and
appearance of the isocyanate peak at 2245 cm™! by FT-IR. After the
Curtius rearrangement was judged complete by IR, the solution was
cooled in an ice bath and slowly added to an ice-cold solution of
potassium terz-butoxide (0.34 g, 3.0 mmol) in THF (10 mL). The
reaction was stirred for 15 min and then partitioned between 15 mL of
1 N HCI and 15 mL of EtOAc. The organic layer was separated and
washed with 1 N NaOH and brine (15 mL). The solution was dried,
filtered, and concentrated, and the crude material was purified by flash
chromatography (1:4 EtOAc/hexanes) to yield 18 (0.19 g, 65%) as a
white solid: 'H NMR (400 MHz, CDCly) 6 1.45 (s, 9H), 2.21 (t, J =
4.5 Hz, 2H), 3.26—3.35 (m, 4H), 3.61—3.64 (m, 1H), 3.79—3.82 (m,
1H), 3.89—3.99 (m, 2H), 5.04 (brd, J = 7.7 Hz, 1H); *C NMR (100
MHz, CDCls) & 27.5, 37.7, 37.9, 409, 54.2, 66.1, 70.0, 78.1, 154.4;
HRMS-EI (M) calcd for Ci,HpiNO3S; 291.0963, found 291.0959.
Aminotetrahydropyranone-Trifluoroacetic Acid Salt 21. Tri-
fluoroacetic acid (TFA, 3.0 mL) was added to a solution of 18 (0.18 g,
0.62 mmo!) in CH,Cl; (10 mL) that was cooled in an ice bath. The
reaction was stirred at 0 °C for 1 h, concentrated, redissolved in CH,-
Cl,, and then concentrated again to remove excess TFA. The crude
oil was then triturated with ether to yield 21 (0.18 g, 95%) as a white
solid: 'H NMR (400 MHz, CDCl;)  2.14 (dt, J = 14.3, 5.6 Hz, 1H),
2.44 (dt, J = 14.1, 5.0 Hz, 1H), 3.32—3.47 (m, 5H), 3.70—3.76 (m,
3H), 4.04 (dd, J = 12.2, 3.0 Hz, 1H); *C NMR (100 MHz, CDCls) ¢
39.9, 40.1, 41.1, 56.7, 68.1, 68.5, 68.6, 118.2 (q), 162.9 (q); HRMS-EI
(M*) caled for CH;3NOS; 191.0439, found 191.0437.
Phenylalanyltetrahydropyranone 24. To a solution of 21 (250
mg, 0.82 mmol) and DIEA (529 mg, 4.1 mmol) in CH;Cl, (10 mL)
was added solid N-Boc-phenylalanyl fluoride?® (240 mg, 0.90 mmol).
The solution was stirred for 1 h and then washed with 1 N HC],
saturated NaHCOs3, and brine (10 mL). The solution was dried over
Na,CO; and concentrated, and the crude material was purified by flash
chromatography (2:3 EtOAc/hexanes) to yield a mixture of diastere-
omers of 24 (218 mg, 61%) as a white solid: 'H NMR (400 MHz,
CDCL) 6 1.31 (s, 9H), 1.34 (s, 9H), 2.03—2.15 (m, 4H), 2.82 (brs,
1H), 2.94—3.16 (m, 13H), 3.46—3.51 (m, 2H), 3.57 (brm, 1H), 3.67—
3.77 (m, 3H), 4.14 (brm, 1H), 4.19—4.27 (m, 2H), 4.37 (brm, 1H),
5.14 (brm, 1H), 5.31 (brm, 1H), 6.18 (brm, 1H), 6.58 (d, J = 9.0 Hz,
1H), 7.11-7.24 (m, 10H); *C NMR (100 MHz, CDCls) 6 27.8, 28.0,
37.7,38.1, 38.77, 38.79, 38.84, 41.8, 52.8, 52.9, 53.0, 53.1, 55.4, 55.9,
66.79, 66.84, 69.4, 69.6, 69.7, 69.9, 79.8, 126.5, 126.6, 128.3, 1284,
129.0, 129.2, 155.1, 170.6, 170.9; HRMS-FAB (M + Na*) calcd for
C21H30N2Na0,S; 461.1545, found 461.1544.
(Methoxysuccinyl)tetrahydropyranone 28. A solution of 24 (200
mg, 0.46 mmol) and TFA (3 mL) in CH,Cl, (7 mL) was stirred at 25
°C for 1 h. This solution was concentrated, and the resulting material
was triturated with ether to precipitate the TFA salt as a white solid.
This solid was washed with ether, dried under vacuum, and then added
to a solution of methyl succinate (61 mg, 0.46 mmol), 1-hydroxyben-
zotriazole (HOBT, 72 mg, 0.46 mmol), 1-(3-(dimethylamino)propyl)-
3-ethylcarbodiimide hydrochloride (EDC, 114 mg, 0.60 mmol), and
N-methylmorpholine (0.10 mL) in CH,Cl, (5 mL). The reaction was
stirred overnight at room temperature, and then it was washed with
water, 1 M KHSO,, saturated Na,COs, and dried over NayCO;. The
dried solution was concentrated, and the crude material was purified
by flash chromatography (7:3 EtOAc/hexanes) to yield a mixture of
diastereomers of 28 (144 mg, 70%) as a white solid: 'H NMR (400
MHz, CDCl) 6 2.11-2.14 (m, 4H), 2.45—2.50 (m, 2H), 2.52—2.54
(m, 2H), 2.57—2.64 (m, 4H), 2.97—3.13 (m, 5H), 3.19—3.26 (m, 9H),
3.53—3.62 (m, 3H), 3.65 (s, 3H), 3.67 (s, 3H), 3.76—3.86 (m, 3H),
4.17—-4.22 (m, 1H), 4.26—4.31 (m, 1H), 4.66—4.71 (m, 1H), 4.77—
4.82 (m, 2H), 6.25 (d, J = 6.3 Hz, 1H), 6.68 (d, J = 9.1 Hz, 1H), 6.77
(d, J = 8.0 Hz, 1H), 6.96 (d, J = 7.7 Hz, 1H), 7.21-7.30 (m, 10H);
13C NMR (100 MHz, CDCl3) 4 29.0, 29.1, 30.59, 30.61, 37.9, 38.2,
38.81, 38.88, 38.93, 41.9, 51.6, 53.0, 53.3, 54.3, 54.7, 66.9, 67.0, 69.48,
69.50, 69.7, 69.9, 126.6, 126.8, 128.4, 128.5, 129.1, 129.3, 136.5, 170.3,
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170.7, 171.2, 171.4, 172.9, 173.0, HRMS-FAB (M + Nat) calcd for
C21HxN;NaOs$S; 475.1338, found 475.1349.

Tetrahydropyranone Inhibitors 32a and 32b. A solution of
N-bromosuccinimide (NBS, 440 mg, 2.47 mmol) in 80% aqueous
MeCN (10 mL) was cooled in an ice bath. To this solution was added
28 (160 mg, 0.35 mmol) in MeCN (5 mL). The ice bath was removed,
and the reaction mixture was stirred for 10 min. It was then partitioned
between 1:1 CH,CL/EtOAc (25 mL) and saturated Na,SO; (10 mL).
The organic layer was separated, washed with saturated NaHCO; and
brine, and dried over Na,COs. The dried solution was concentrated,
and the residue was redissolved in 1:1 MeCN/H;O. This solution was
filtered and extracted with 1:1 CH,Cl/EtOAc. The resulting organic
layer was dried and concentrated to yield a mixture of diastereomers
of 32 (88 mg, 66%) as a white solid. The diastereomers were separated
by HPLC (silica) with 3.5% 2-propanol in CH,Cl; as the mobile phase.
The retention times for diastereomers 32a and 32b were 13.1 and 14.1
min, respectively. For 32a: 'H NMR (400 MHz, CDCl3) 6 2.45—248
(m, 3H), 2.59—2.74 (m, 3H), 2.93 (t, J = 9.9 Hz, 1H), 3.03 (m, 1H),
3.12—3.14 (m, 1H), 3.55 (t, J = 11.4 Hz, 1H), 3.67 (s, 3H), 4.29 (brm,
1H), 4.42 (brm, 1H), 4.61 (brm, 1H), 4.72 (brm, 1H), 6.28 (brm, 1H),
6.59 (brm, 1H), 7.17—7.31 (m, SH); *C NMR (100 MHz, CDCl;) ¢
29.1, 30.9, 38.3,42.2, 51.9, 54.4, 57.3, 68.8, 71.6, 127.1, 128.7, 129.2,
136.3, 170.7, 171.3, 173.4, 202.5; HRMS-FAB (M + Na*) calcd for
C19H24N2NaOg 399.1532, found 399.1537. For 32b: 'H NMR (400
MHz, CDCL) 4 2.45—2.48 (m, 3H), 2.59—2.78 (m, 3H), 3.02-3.06
(m, 1H), 3.10-3.13 (m, 2H), 3.59 (t, J/ = 11.5 Hz, 1H), 3.67 (s, 3H),
4.27-4.32 (m, 1H), 4.54 (m, 2H), 4.73 (brm, 1H), 6.32 (brm, 1H),
6.66 (brm, 1H), 7.17—7.31 (m, 5H); *C NMR (100 MHz, CDCl,) 6
29.1, 309, 38.2,42.1, 51.8, 54.3, 57.5, 68.8, 71.8, 127.1, 128.7, 129.2,
136.1, 170.9, 171.3, 173.3, 202.2; HRMS-FAB (M + Na*) calcd for
Ci1sH24N;NaOs 399.1532, found 399.1521.

Measurement of Ky,o and Krsi by 'H NMR Spectroscopy. These
equilibrium constants were measured at 25 °C on a Brucker AM-400
NMR spectrometer according to the procedures of Burkey and
Fahey.'#2 Cyclohexanone, tetrahydropyran-4-one, tetrahydrothiopyran-
4-one, and 4-piperidone hydrochloride were purchased from Aldrich
Chemical Co. and used without further purification. NMR samples
were prepared by dissolving the ketone (100 mM) in D,O. For
measurements of Kgsu, the concentration of 3-mercaptopropionic acid
was 200 mM.

Racemization of Inhibitors. The racemization of the cyclohexanone
inhibitors 30a and 30b was followed by RPHPLC using the conditions
reported above for the separation of the two diastercomers. Each
diastereomer was dissolved in 100 mM phosphate buffer at pH 6.5.
Less than 5% racemization was detected after 24 h.

The racemization of the tetrahydropyranone inhibitors 32a and 32b
was monitored using 'H NMR spectroscopy by integration of the methyl
ester signal at 3.47 ppm for 32a and 3.45 ppm for 32b. Each
diastereomer was dissolved in 100 mM phosphate buffer at pH 6.5
that was prepared using D,O. The observed first-order rate constant
for racemization was measured to be kgpsg = (2.2 £+ 0.5) x 1073 min~L.
This rate constant corresponds to a half-time for racemization of 5.25
h. Thus, over the time period of a typical enzyme assay, less than 1%
of each diastereomer of the inhibitor will have racemized to the
undesired diastereomer.

Racemization experiments for the piperidone-based inhibitor were
performed using compounds 35a and 35b. These diastercomers were
separated by HPLC with an eluent of 2% MeOH in CH,Cl, (35a
retention time 15.5 min; 35b retention time 20.5 min). The Cbz
protecting group in each diastereomer was removed using the procedure
reported for the preparation of compound 34, which yielded compounds
36a and 36b. 'H NMR spectra demonstrated that these deprotections
occurred with retention of stereochemistry. Diastereomer 36a was split
into two samples and each placed in an NMR tube. One sample was
dissolved in 100 mM phosphate buffer (pH 6.5) that was prepared using
D;0. The 'H NMR spectrum of this sample demonstrated that the
compound was completely racemized within 10 min under these
conditions. The second sample was dissolved in 1:1 acetone-d¢/D20.
TH NMR of this sample showed relatively slow reaction, with complete
racemization after approximately 22 h. Diastereomer 36b gave similar
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results. For 36a: '"H NMR (400 MHz, CDCl;) 6 1.98 (brs, 3H), 2.45—
2.54 (brm, 3H), 3.06 (brs, 1H), 4.38—4.45 (brm, 2H), 4.75—4.82 (brm,
2H), 5.17 (brm, 2H), 6.34 (brs, 1H), 6.79 (brs, 1H), 7.18—7.38 (brm,
10H); 3C NMR (100 MHz, CDCls) 6 23.2, 38.5,40.4, 44.1,48.7, 54.4,
56.6,67.9,127.1,128.0, 128.2, 128.6, 128.7, 129.2, 136.2, 154.8, 170.0,
171.1, 202.88, 202.94; HRMS-FAB (M + Na*) calcd for CosH7N3-
NaOs 460.1849, found 460.1860. For 36b: 'H NMR (400 MHz,
CDCl) ¢ 1.98 (brs, 3H), 2.44 (brm, 3H), 3.01 (brm, 3H), 4.46 (brs,
2H), 4.67—4.76 (brm, 2H), 5.18 (brm, 2H), 6.38 (brs, 1H), 6.68 (brs,
1H), 7.19-7.40 (brm, 10H); '3C NMR (100 MHz, CDCl;) 6 232, 38.7,
404, 442, 485, 54.5, 56.3, 67.9, 127.0, 128.0, 128.3, 128.6, 128.7,
129.3, 136.2, 136.4, 154.8, 170.2, 170.9, 203.2; HRMS-FAB (M +
Na%) caled for Co4H7N3NaOs 460.1849, found 460.1849.

Papain Assays. Papain (recrystallized two times) and L-BAPNA
(Na-benzoyl-L-arginine p-nitroanilide hydrochloride) were used as
received from Sigma Chemical Co. Reaction progress was monitored
with a Perkin-Elmer 8452A diode array UV-vis spectrometer. Papain
was assayed at 25 °C in 100 mM phosphate buffer (pH 6.5) containing
5 mM EDTA and 5 mM cysteine. BAPNA and inhibitor stock solutions
contained DMSO (10—100%), and all assay mixtures contained a final
DMSO concentration of 10%. Papain stock solutions (0.5—1 mg/mL)
were prepared in buffer (5x), and the enzyme was activated for 1 h
before the assays were run. Initial rates were determined by monitoring
the change in absorbance at 412 nm from 60 to 120 s after mixing.
None of the inhibitors showed evidence of slow binding. The more
potent diasterecomer of each inhibitor was subjected to full kinetic
analysis. For each inhibitor concentration examined (30a 0, 21, 53,
107, 160, 217 uM; 31a 0, 2.7, 5.5, 27 4, 55, 110 uM; 32a 0, 2, 25, 50,
75, 100 uM; 34a 0, 13.9, 69.5, 139, 209, 417 uM) at least five substrate
concentrations were used (30a 0.37, 0.53, 0.75, 1.5, 7.5 mM; 31a 0.5,
0.66, 0.99, 2.0, 6.6 mM; 32a 0.5, 0.65, 0.94, 1.7, 4.5, 8.0 mM; 34a
0.5, 0.66, 0.99, 2.0, 6.6 mM) with at least two independent determina-
tions at each concentration. K, was measured to be 4.89 mM. The
background hydrolysis rate was less than 1% of the slowest rate measure
and thus ignored. K; values were determined by nonlinear fit to the
Michaelis—Menten equation for competitive inhibition using simple
weighing. Competitive inhibition was confirmed by Lineweaver—Burk
analysis using robust statistical weighing to the linear fit of 1/[V] vs
1/[S]. For the less-potent diastereomer of each inhibitor, a single
substrate concentration (30a 5.28 mM; 31a 3.30 mM; 32a 4.22 mM)
was monitored at with least 4 different inhibitor concentration (30a 0,
130, 410, 830 uM; 31a 0, 0.14, 0.29, 0.57, 1.14, 1.72 mM; 32a 0, 0.1,
0.56, 1.1, 1.5, 1.9 mM). Competitive inhibition was assumed, and K;
was calculated using a Dixon analysis. Data analysis was performed
with the commercial graphing package Grafit (Erithacus Software Ltd).

Acknowledgment. This research was supported by the
American Cancer Society (grant IN-45-36), the American
Chemical Society—Petroleum Research Fund (grant 30544-G4),
the U.S. Army Medical Research and Materiel Command—
Breast Cancer Research Initiative (Career Development Award
to C.T.S., grant DAMD17-96-1-6328), and Brown University
(Salomon Faculty Research Award). T.C.S. was supported by
a Department of Education GAANN Fellowship and by the
USAMRMC—Breast Cancer Research Initiative (Predoctoral
Fellowship, grant DAMD17-96-1-6037). J.L.C. was supported
by a GAANN Fellowship and by a University Fellowship from
Brown University. We thank Professor David Cane for use of
his UV—vis spectrometer.

Supporting Information Available: Lineweaver—Burk
plots for the inhibition of papain by compounds 30—32 and
34; 'H and BC NMR characterization for compounds reported
in the Experimental Section; experimental details of the synthesis
of inhibitors 30, 31, and 34 (55 pages). See any current
masthead page for ordering and Internet access instructions.

JA9641867




Demonstration by 3C NMR Studies That
Tetrahydropyranone-Based Inhibitors Bind
to Cysteine Proteases by Reversible

J. Org. Chem. 1998, 63, 2367—2370 2367
Ph
0 H O 1: X=CH,
S H U L
N 3: X=0
o H O X 4: X=NHp*

Formation of a Hemithioketal Adduct

Jeffrey L. Conroy and Christopher T. Seto*

Department of Chemistry, Brown University, .
Providence, Rhode Island 02912

Received October 3, 1997

Introduction

Cysteine proteases are important targets in medicinal
chemistry.! Members of this class of proteolytic enzymes,
such as the calpains? and cathepsins B and L,! are
implicated in a variety of diseases including rheumatoid
arthritis, muscular dystrophy, and cancer. In addition,
a new family of cysteine proteases have recently been
discovered that are related to interleukin-18 converting
enzyme (ICE) and CED-3.2 These new proteases share
a specificity for substrates with aspartic acid at the P1
position and have been shown to play key roles in both
the regulation and initiation of programmed cell death
or apoptosis. Excessive apoptosis causes neural damage
in both Alzheimer’s and Huntington’s diseases, while
insufficient apoptosis occurs in many cancers and in
autoimmune disorders such as AIDS. The implication
of cysteine proteases in such a large number of disease
states provides a strong motivation for developing potent
and specific inhibitors of these enzymes. Such com-
pounds may serve as both new therapeutic agents and
as tools for investigating the role of cysteine proteases
in disease processes.

We have recently described a new class of cysteine
protease inhibitors that are based upon a 4-heterocyclo-
hexanone nucleus (compounds 1—4).* The electrophilic
ketone group in these compounds is designed to react
with the enzyme-active-site nucleophile to give a revers-
ibly formed hemithioketal adduct. This adduct mimics
the tetrahedral intermediate that is formed during
enzyme-catalyzed peptide hydrolysis. The reactivity of
this carbonyl is enhanced by ring strain and by through-
space electrostatic repulsion from the heteroatom at the
4-position of the ring. There is a good correlation
between the electrophilicity of this ketone moiety and the
potency of the inhibitors against the enzyme papain.*

Our interpretation of inhibition studies with com-
pounds 1—4 was based upon the assumption that a
hemithioketal does indeed form between the inhibitors
and the active-site cysteine residue. This assumption is
reasonable on the basis of the well-established mecha-

(1) For a recent review of cysteine proteases and their inhibitors,
see: Otto, H. H.; Schirmeister, T. Chem. Rev. 1997, 97, 133.

(2) Wang, K.; Yuen, P.-W. Trends Pharmacol. Sci. 1994, 15, 412.

(3) (a) Miller, D. K. Ann. Rep. Med. Chem. 1996, 31, 249. (b)
Schwartz, L. M.; Milligan, C. E. Trends Neurosci. 1996, 19, 555. (c)
Nicholson, D. W.; Alj, A.; Thornberry, N. A.; Vaillancourt, J. P.; Ding,
C.K; Gallant, M; Gareau, Y.; Griffin, P. R.; Labelle, M.; Lazebnik, Y.
A; Munday, N. A.; Raju, S. M,; Smulson, M. E.; Yamin, T.-T; Yu, V.
L.; Miller, D. K. Nature 1995, 376, 37. (d) Nicholson, D. W. Nature
Biotech. 1996, 14, 297.

(4) Conroy, J. L.; Sanders, T. C.; Seto, C. T.J. Am. Chem. Soc. 1997,
119, 4285.

nism by which papain catalyzes cleavage of amide bonds!
and comparison of 4-heterocyclohexanones with other
inhibitors, such as peptide aldehydes, that are known to
give this type of covalent adduct.>¢ However, there are
at least two other plausible explanations for the reactivity
trends that we observed. First the hydrate of the ketone,
and not the ketone itself, could be the active inhibitory
species. Hydrates of active carbonyl compounds are good
inhibitors of both aspartic proteases such as pepsin and
renin and metalloproteases such as angiotensin-convert-
ing enzyme and carboxypeptidase A.” Second, the dif-
ferences in inhibition could have been caused by forma-
tion of a specific hydrogen bond or electrostatic interaction
between the enzyme and the polar heteroatom at the
4-position of the ring. The goal of our current work is to
determine if the mechanism by which 4-heterocyclohex-
anones inhibit papain is through formation of a hemith-
ioketal adduct. Our approach is to synthesize an inhibi-
tor, tetrahydropyranone 10 (Scheme 1), that incorporates
a 13C label at the ketone carbon. Reaction of this labeled
inhibitor with a stoichiometric amount of papain is
monitored by 13C NMR spectroscopy. These experiments
allow us to observe directly formation of the hemith-
ioketal adduct between enzyme and inhibitor. The
results demonstrate that, like peptide aldehydes, 4-het-
erocyclohexanones are transition-state analogue inhibi-
tors of cysteine proteases.>8

Results and Discussion

Synthesis of the Labeled Inhibitor. We have
developed a synthesis of inhibitor 10 that places a single
18C label specifically at the ketone carbon (Scheme 1).
Reaction of bromoethyl ether 5 with Et;N'3CN gave
dinitrile 6. The labeled reagent can be conveniently
prepared from KCN and Et,NBF,.1® Alcoholysis of 6
followed by base-promoted cyclization of the resulting
diester gave keto ester 7. After protection of the ketone

(5) Gamesik, M. P_; Malthouse, J. P. G.; Primrose, W. U.; Mackenzie,
N. E.; Boyd, A. S. F,; Russell, R. A.; Scott, A. L J. Am. Chem. Soc.
1983, 105, 6324.

(6) Recently, X-ray crystallography has been used to demonstrate
formation of a hemithioketal adduct between a ketone-based inhibitor
and the cysteine protease cathepsin K. Yamashita, D. S.; Smith, W.
W.; Zhao, B.; Janson, C. A.; Tomaszek, T. A.; Bossard, M. J.; Levy, M.
A.; Oh, H.-J.; Carr, T. J.; Thompson, S. K.; [james, C. F.; Carr, S. A;;
McQueney, M.; D’Alessio, K. J.; Amegadzie, B. Y.; Hanning, C. R;
Abdel-Meguid, S.; DesJarlais, R. L.; Gleason, J. G.; Veber, D. F. J.
Am. Chem. Soc. 1997, 119, 11351.

(7) (a) Gelb, M. H.; Svaren, J. P.; Abeles, R. H. Biochemistry 1985,
24, 1813. (b) Patel, D. V.; Rielly-Gauvin, K.; Ryono, D. E; Free, C. A;;
Smith, S. A.; Petrillo, E. W. J. Med. Chem. 1993, 36, 2431.

(8) For previous examples of this methodology, see: (a) Rich, D. H.;
Bernatowicz, M. S.; Schmidt, P. G. J. Am. Chem. Soc. 1982, 104, 3535.
(b) Moon, J. B.; Coleman, R. S.; Hanzlik, R. P. J. Am. Chem. Soc. 1986,
108, 1350. (c) Brisson, J. R.; Carey, P. R.; Storer, A. C. J. Biol. Chem.
1986, 261,9087. (d) Liang, T. C.; Abeles, R. H. Arch. Biochem. Biophys.
1987, 252, 626. (e) Malthouse, J. P. G.; Mackenzie, N. E; Boyd, A. S.
F.; Scott, A. L J. Am. Chem. Soc. 1983, 105, 1685.

(9) Simchen, G.; Kobler. H. Synthesis 1975, 605.

(10) Kobler, H.; Munz, R.; Gasser, G. A.; Simchen, G. Liebigs Ann.
Chem. 1978, 1937.
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(h) BocPheOH, EDC, HOBT; (i) TFA, CHxCly; (j) monomethyl
succinate, EDC, HOBT; (k) NBS, Hy0.

and saponification of the ester, compound 8 was treated
with diphenyl phosphorazidate to induce a Curtius
rearrangement. Trapping of the resulting isocyanate
with #-BuOK yielded the corresponding Boc-protected
amine. Removal of the Boc group with TFA resulted in
loss of 1 equiv of 3CO;, from the molecule to give amine
9. This compound contained a single *C label at the
desired position. The phenylalanine residue and meth-
oxysuccinyl group were attached using standard peptide
coupling procedures, and the diastereomers of 10 were
separated using preparative HPLC.

Racemization of Inhibitors. Inhibitors that are
based upon 4-heterocyclohexanones racemize at a sig-
nificant rate in 100 mM phosphate buffer at pH 6.5,
conditions used for kinetic assays of papain. For ex-
ample, the tetrahydropyranone-based inhibitor racemizes
with a half-life of 5.3 h under these conditions.4 In our
current studies, we have found that the rate of racem-
ization is inversely correlated with buffer concentration.
In the experiments described below, which use 10 mM
phosphate at pH 6.5, inhibitor 10A has a half-life for
racemization of 192 h. The stability of the inhibitor
under conditions that employ low buffer concentration
have allowed us to acquire *C NMR spectra of the
separated diastereomers of 10 in the presence of papain,
without significant interference from racemization.

Enzyme Purification. Commercial preparations of
papain are contaminated with a large amount of inactive
enzyme. Papain used in this study was purified by
affinity chromatography on a mercurial agarose column.!!
Enzyme purified in this manner is greater than 95%
active as judged by titration of the active-site cysteine-
25 thiolate with the reagent 2,2’-dipyridyl disulfide
(DDS).12

13C NMR Experiments. The two diastereomers of
inhibitor 10 have very different inhibition constants

(11) Sluyterman, L. A.; Wijdenes, J. Methods Enzymol. 1974, 34,
544.
(12) Brocklehurst, K.; Little, G. Biochem. J. 1978, 133, 67.
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Figure 1. Partial 13C NMR spectra of papain incubated with

the 13C-enriched inhibitor 10. The concentration of enzyme
in all spectra that contain papain is 0.9 mM.

against papain. The tight binding diastereomer 10A has
a K; value of 11 uM, in contrast with the poor binding
diastereomer 10B, which has a K; of 3300 uM. We have
not determined the absolute configuration of these dia-
stereomers. Figure 1 shows the 3C NMR spectrum of
each of these diastereomers in the presence of papain.

Figure 1A shows the 13C NMR spectrum of papain
alone. Figure 1B shows the spectrum of inhibitor 10A
alone. There are two major resonances in this spectrum.
The resonance at 207.3 ppm corresponds to the 13C-
labeled ketone, and the resonance at 93.6 ppm corre-
sponds to the hydrate. The similar intensities of these
two resonances are consistent with the reported hydra-
tion equilibrium constant for tetrahydropyranone of 8.0
x 1073 M~1¢ In CDCI; solution, inhibitor 10A has a
single major resonance for the ketone at 202.2 ppm.
Figure 1C shows papain in the presence of slightly less
than 1 equiv of 10A. There are resonances for a small
amount of both free ketone and hydrate. Importantly, a
new resonance at 86.4 ppm appears that is not present
in either Figure 1A or B. We assign this new resonance
as the 13C atom of a covalent hemithioketal adduct
between the enzyme active-site nucleophile and the
ketone of the inhibitor.




Notes

Three lines of evidence support this structural assign-
ment. First, the chemical shift of this peak clearly
indicates that it corresponds to an sp®-hybridized rather
than an sp?hybridized carbon. This observation dem-
onstrates that the new resonance cannot correspond to
a simple noncovalent complex between the enzyme and
the ketone form of the inhibitor. Second, the line width
of this resonance, which is approximately 100 Hz, is fully
consistent with an enzyme-bound species that is tumbling
slowly on the NMR time scale.’® Finally, reaction of
inhibitor 10A with the small molecule thiol, 3-thiopro-
pionic acid, yields two diastereomeric hemithioketal
adducts with resonances in the 3C NMR spectrum at
82.6 and 83.7 ppm. These chemical shifts are similar to
the 86.4 ppm that is found for the hemithioketal between
10A and the enzyme-active-site cysteine residue.!%!

The resonances for free ketone and hydrate in Figure
1C are more pronounced than one would expect on the
basis of the inhibition constant for compound 10A and
the enzyme and inhibitor concentrations in the sample.
Using these values, we calculate that approximately 6%
of the inhibitor should be in the free form. However,
integration of the resonances suggests that the ratio of
free inhibitor (ketone plus hydrate) to enzyme-bound
inhibitor is approximately 1:2. Two factors are likely to
contribute to this discrepancy. First, the sample may be
contaminated with a small amount of the poor binding
diastereomer 10B due to incomplete separation of dia-
stereomers during the HPLC purification. However, on
the basis of the !H NMR spectrum of purified 10A, we
estimate that the sample was contaminated with not
more than 5% of 10B before the start of the experiment.
A second factor, which we believe to be more important,
is the differential saturation of the 13C label in the free
and enzyme-bound species. The 13C label in the enzyme
bound inhibitor will have a much longer correlation time
and, likely, a longer relaxation time than the 13C label
in the free inhibitor. If the recycle time is shorter than
either of these relaxation times, then the difference in
the relaxation times will cause the integration for the
enzyme-bound species to be smaller than expected on the
basis of the true ratio of free to enzyme-bound inhibitor.

Addition of excess inhibitor to the enzyme (Figure 1D)
simply results in an increase in the intensities of the
resonances for free inhibitor. However, quenching the
enzyme with DDS (Figure 1E), which forms a disulfide
with the active-site cysteine residue and thus displaces
the inhibitor from the active site, results in the disap-
pearance of the resonance for hemithioketal. There is
also a corresponding increase in the intensity of signals
for free ketone and hydrate. These results show that
inhibitor 10A is bound at the enzyme active site through
formation of a reversible covalent bond and that the
inhibitor and papain are in equilibrium. The additional

(13) A line width of 88 Hz has been reported for the covalent complex
between a peptide aldehyde inhibitor and papain (see ref 5).

(14) For comparison, reaction between papain and several 13C-
labeled nitrile-based inhibitors gave covalent thioimidate adducts with
resonances in the 13C NMR spectra in the range of 182.1-194.2 ppm.
The thioimidate carbons of several model compounds are in the range
of 193.0—198.5 ppm (see ref 8b—8d). Reaction between papain and a
13C-1abeled aldehyde-based inhibitor gave a hemithioacetal adduct with
a chemical shift for the hemithioacetal carbon of 74.9 ppm. A model
hemithioacetal had a chemica! shift of 73.3 ppm (see ref 5).

(15) Addition of 3-thiopropionic acid to inhibitor 10B also gives two
diastereomeric hemithioketals with resonances in the 13C NMR
spectrum at 82.7 and 83.8 ppm.
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peaks in Figure 1E that appear between 120 and 160
ppm correspond to DDS and 2-thiopyridone.

Figure 1F shows 0.9 mM papain incubated with 1.0
mM of the poor binding diastereomer, 10B. The absence
of a broad resonance in the vicinity of 86.4 ppm shows
that this diastereomer does not form a hemithioketal
adduct. On the basis of the inhibition constant for
compound 10B, which is 3300 uM,* approximately 20%
of the inhibitor should be bound to the enzyme at these
concentrations.

It is noteworthy that the tight binding diastereomers
of inhibitors 1, 2, and 8 have a range of inhibition
constants against papain (78, 26, and 11 M, respectively)
and that these values correlate with both the electronic
properties of the heteroatom in the 4-heterocyclohex-
anone ring and with the electrophilicity of the ketone
moiety.! These data are consistent with a mechanism
of inhibition that involves formation of a hemithioketal
adduct. In addition, the NMR results shown above
clearly demonstrate that the 3C-labeled derivative of
inhibitor 3 (compound 10A) does indeed form such an
adduct. We believe that these two observations, taken
together, make it likely that the tight binding diastere-
omers of inhibitors 1 and 2 also form covalent adducts
with the enzyme-active-site nucleophile.

In contrast, the poor-binding diastereomers of 1—3 all
bind to papain with similar affinities (3.2, 2.4, and 3.3
mM, respectively), and there is no correlation between
inhibition constants and ketone electrophilicity.* These
observations, together with the fact that the poor binding
diastereomer of 13C-labeled 8 (comipound 10B) does not
give a hemithioketal when incubated with papain, sug-
gest that the poor-binding diastereomers of 13 all bind
similarly in the active site and that none of these
compounds form a reversible covalent bond with the
active site cysteine residue.

In conclusion, we have demonstrated that the mech-
anism by which 4-heterocyclohexanone derivatives in-
hibit cysteine proteases involves nucleophilic attack by
the active-site thiol on the reactive ketone. This attack
results in reversible formation of a hemithioketal adduct
that mimics the tetrahedral intermediate formed during
enzyme-catalyzed hydrolysis of amide bonds. Future
work will be aimed toward exploring the potential of
4-heterocyclohexanones as inhibitors for serine proteases
and the hydrates of these compounds as inhibitors of
metalloproteases and aspartic proteases.

Experimental Section

General Methods. NMR spectra were recorded on a Bruker
AM-400 instrument. Spectra were calibrated using TMS (6 =
0.00 ppm) for 'H NMR and CDCl; (6 = 77.0) or DMSO-ds (6 =
39.51) for 13C NMR. Mass spectra were recorded on a Kratos
MS 80 under electron impact (EI), chemical ionization (CI), or
fast-atom bombardment (FAB) conditions. HPLC analyses were
performed on a Rainin HPLC system with Rainin Microsorb
silica or C18 columns and UV detection. Semipreparative HPLC
was performed on the same system using a semipreparative
column (21.4 x 250 mm). KI3CN (99%) was obtained from
Cambridge Isotope Laboratories. Details of the synthesis of
unlabeled 10 from unlabeled 6 and experimental procedures for
determining racemization rates have been reported previously.*

[Bis-13CN]-3-0xa-1,5-pentanedinitrile (6). A solution of
tetraethylammonium [13Clcyanide (19.9 g, 126 mmol) in 60 mL
of dry CH:Cl; was cooled in an ice bath. To the solution was
added 2-bromoethyl ether (13.97 g, 60 mmol) via syringe, and
the reaction was stirred under an Ny atmosphere and allowed
to warm to room temperature overnight. The reaction mixture
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was filtered through a plug of silica gel and eluted with ethyl
acetate to remove the salts. The resulting solution was concen-
trated by rotary evaporation, and the crude product was purified
by flash chromatography (1:1 EtOAc/hexanes) to yield compound
6 as a clear oil (5.72 g, 75%): 'H NMR (400 MHz, CDCl3) 6 2.66
(dt, J = 21.6, 6.2 Hz, 4H), 3.74 (dt, J = 6.3, 6.2 Hz, 4H); 13C
NMR (100 MHz, CDCl3) 6 18.4 (d, J = 57.8 Hz), 65.4 (d, J = 3.1
Hz), 117.5 (s); HRMS-CI (M + H*) caled for 13C12C4HgN2O
127.0782, found 127.0788.

Purification of Papain. Papain (twice crystallized) from
Sigma was purified by affinity chromatography on an agarose—
mercurial column according to the procedure of Sluyterman and
Wijdenes.!! Mercurial papain was eluted from the column using
10% DMSO, 0.5 mM HgCl;, 1.0 mM EDTA, 100 mM KCl, and
50 mM NaOAc buffer at pH 5.0. The resulting solution of
mercurial papain was concentrated using an Amicon Diaflow
ultrafiltration apparatus with a YM-10 membrane. Mercurial
papain can be stored at this stage in 0.5 mM HgCl; at a
concentration of 3 mg/mL for over 1 month without loss of
activity. Active papain was regenerated by washing the enzyme
in the Amicon Diaflow apparatus with 1.0 mM cysteine, 1.0 mM
EDTA, and 10 mM phosphate buffer at pH 6.5. The concentra-
tion of papain was determined by UV spectroscopy at 280 nm
assuming an Agg of 25 absorbance units for a 1% solution and
a molecular weight of 23, 000.16 The activity of the enzyme
preparations was determined by titrating the active-site cysteine
nucleophile with 2,2’-dipyridyl disulfide according to the proce-
dure of Brocklehurst and Little.)2 The samples were found to
be greater than 95% active by this method.

13C NMR Experiments. NMR samples of 2.0 mL were
prepared in 10 mm NMR tubes. All samples contained 10 mM
phosphate buffer at pH 6.5, 1 mM cysteine, 1 mM EDTA, and
5—-10% DMSO-ds. In addition, samples A—F (Figure 1) con-

(16) Glaser, A. N.; Smith, E. L. J. Biol. Chem. 1965, 240, 201.

Notes

tained the following: (A) 0.9 mM papain; (B) inhibitor 10A; (C)
0.9 mM papain and 0.8 mM 10A; (D) 0.9 mM papain and 1.6
mM 10A; (E) 0.9 mM papain, 1.6 mM 104, and 4.5 mM 2,2"-
dipyridyl disulfide; and (F) 0.9 mM papain and 1.0 mM inhibitor
10B. Inhibitor stock solutions were prepared in DMSO-d¢ to
avoid racemization. Spectra were acquired on a Bruker AM-
400 spectrometer operating at 100 MHz and were broad-band
1H decoupled. A file size of 64K, a pulse width of 30°, and a
receiver delay of 0.0 s was used to give a total acquisition time
of 1.25 s. An exponential line broadening of 10 Hz was used
during processing. Approximately 32, 000 scans were acquired
for samples that contained protein.
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Abstract: Solution and solid phase methods are described for the synthesis of inhibitors of the
cysteine protease cathepsin B. These inhibitors are based on a cyclohexanone pharmacophore and
are designed to interact with both the S and S’ subsites of the enzyme active site.

© 1998 Elsevier Science Ltd. All rights reserved.

The cysteine proteases cathepsin B, cathepsin K, and the ICE-like proteases are involved in disease
processes that include metastasis of cancer,’ bone resorption in osteoporosis,’ and the contro! of programmed cell
death.* These proteases are important targets for the development of inhibitors, both as therapeutic agents and as
tools that can help to clarify the biological function of the enzymes.® We recently reported a new class transition-
state analog inhibitors for cysteine proteases that are based upon a 4-heterocyclohexanone pharmacophore.® These
inhibitors react with the enzyme active site nucleophile to give a reversibly formed hemithioketal adduct.” The 4-
heterocyclohexanone nucleus was derivatized on one side of the reactive ketone so that the inhibitors made
contacts with only the S subsites of the enzyme active site. However, inhibitors that extend interactions into both
the S and S’ subsites may have increased potency and specificity when compared to their singly-sided
counterparts.® In this paper we describe solution and solid phase methods for synthesizing inhibitors of cathepsin
B that are designed to interact with both the S and S’ subsites. Development of a solid phase protocol for
synthesis makes possible the construction of a combinatorial library of protease inhibitors based upon the
cyclohexanone pharmacophore.

Compound 16 (Scheme 2) was designed as an inhibitor for cathepsin B using a combination of molecular
modeling studies’ and data from an X-ray crystal structure of the enzyme with an epoxysuccinyl inhibitor
irreversibly bound to the active site nucleophile.”” The ornithine side chain at the P2 position of 16 is designed to
form a salt bridge with Glu 245 at the base of the S2 binding pocket of the enzyme. Proline is meant to fit into the
shallow §2’ binding site, with the free C-terminal carboxylate of the inhibitor forming hydrogen bonds with His
110 and His 111 of the protease. The structure of inhibitor 16 is intended to mimic the backbone of a natural
peptide substrate. However, modeling studies suggested that this compound may be slightly too short to interact
optimally with the two His residues. Therefore we have also synthesized compound 17, which is one methylene
unit longer than 16, in order to account for this possibility.

0040-4039/98/$ - see front matter © 1998 Elsevier Science Ltd. All rights reserved.
PII: S0040-4039(98)01783-3
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Synthesis of the cyclohexanone nucleus (Scheme 1) began with double deprotonation of ketoester 1,
followed by alkylation of the more reactive enolate with the appropriate bromoalkene to give compounds 2 and
3.2 Protection of the ketone with 1,3-propanediol and TMSCL," followed by saponification of the ester gave
carboxylic acids 6 and 7. Reaction of the acids with diphenylphosphoryl azide in refluxing benzene induced the
Curtius rearrangement.’ The isocyanate product of these reactions was trapped with potassium fert-butoxide to
yield the corresponding Boc protected amines. Finally, oxidative cleavage of the alkenes gave protected amino
acids 8 and 9. Analysis of the conformation of compound 7 by NMR studies using COSY and ID-NOE
experiments indicated that the carboxylic acid and butene substituents on the cyclohexanone ring were present in
the thermodynamically favored cis-1,3 diequitorial orientation.

o o p A/\l
EtO, a  EO, ~ b 0 d-f ©
c\é w _b Rogc\ij(,v &, BocHN\ij,anozH
1 2 n=1 4 R=Et,n=1 8 n=1
3n=2 s| 5 R=Etn=2 9 n=2
6 R=H,n=1
7 R=H,n=2

Reagents and Conditions: a) LDA (2 equiv.), 3-bromo-1-propene or 4-bromo-1-butene (1 equiv.), 2: 64%, 3: 60%:
b) 1,3-propanediol, TMSCI, 4: 70%, §: 62%; c) NaOH, MeOH, 6: 58%, 7: 80%; d) (CcHs0O),PON3, benzene,
reflux; ¢) t-BuOK, THF, f) KMnOj4, NalOy, 8: 70%, 9: 59% (3 steps). One of two enantiomers is shown.

Scheme 1

The cyclohexanone nucleus was next coupled to proline methyl! ester to give compounds 10 and 11 as
mixtures of two diastereomers (Scheme 2). Removal of the Boc group followed by coupling to N-a-Fmoc-N-6-
Boc-Om gave compounds 12 and 13. The N-terminus was subsequently deprotected and capped with acetic
anhydride to yield 14 and 15. Finally the methy] ester was saponified, and the ketal and Boc protecting groups
were removed by treatment with TFA in the presence of a small amount of water to yield inhibitors 16 and 17.

l/\| BocHN

0.0
B8or9 + ProOMe -2 . BOCHNMBQ ic_. }:{ Q 'Q
CO,Me RHN N A
CO,Me

10 n=1
HoN Hn=2 12 R=Fmoc, n =1
2 l; 13 R=Fmoc,n=2
de
14 R=Ac,n=1
_te H O Q 15 R=Ac.n=2
N N
AcHN A
COH
16 n=1
17 n=2

Reagents and Conditions: a) EDC, HOBt, 10: 84%, 11: 92%; b) TFA; ¢) N-o-Fmoc-N-8-Boc-Om, EDC, HOB, 12: 56%,
13: 62% (2 steps); d) tris(2-aminocthyl)amine; ¢} Ac0, 14: 51%, 15: 71% (2 steps); f) LiOH; g) TFA, H;0, 16: 97%,
17: 82% (2 steps). One of two diastercomers is shown.

Scheme 2
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0.0
9 a.b FmocHNo o + N £ . Fm N
hCO2H o n °
N A
22 n=2 23 24 n=2

25 R=Fmoc,n=2 b
d.f[:

26 R=Ac,n=2

Reagents and Conditions: a) TFA; b) N-(9-fluorenylmethoxycarbonyloxy)succinimide; c) HBTU, DIEA; d) piperidine;
¢) N-a-Fmoc-N-5-Boc-Om, HBTU, DIEA; f) Ac,0; g) TFA, H;0. One of two diastereomers is shown.

Scheme 3

We have also developed a solid phase protocol for synthesizing these cyclohexanone-based protease
inhibitors. The protocol, which is outlined in Scheme 3, is analogous to the Fmoc strategy for synthesizing
peptides on a solid support. This synthesis required a derivative of the cyclohexanone pharmacophore that had a
free C-terminal carboxylate, an Fmoc group on the N-terminus, and a protecting group on the ketone that could be
removed under mild conditions. Compound 22 fuifilled these requirements. Solid phase synthesis of inhibitor
17 was performed on Wang resin that was preloaded with Fmoc-Pro. Standard coupling and Fmoc deprotection
procedures were employed.”® The N-terminus was capped with acetic anhydride, and TFA was used to cleave
compound 26 from the solid support and to remove the Boc group. The ketal protecting group was removed by
adding H,0 (30% v/v) to the cleavage cocktail and stirring the solution overnight at room temperature. The crude
material was isolated by lyophilization and purified by reverse phase HPLC to yield inhibitor 17 that was identical
to material obtained from the solution phase synthesis.

RoR L ISR

19 R=Fmoc
bcI:
20 R=Ac

Reagents and Conditions: a) N-o-Fmoc-N-3-Boc-Om, EDC, HOBt, 80%; b) tris(2-aminoethyl)amine;
¢) Acy0, 99% (2 steps); d) N-bromosuccinimide, HyO; ¢) TFA, 80% (2 steps). One of two
diastereomers is shown.

Scheme 4

In order to determine how much the Pro residue in 16 and 17 contributes to the potency of the inhibitors,
we have synthesized control compound 21 which lacks any binding interactions with the S’ subsites of the
enzyme. The synthesis of 21 (Scheme 4) began with amine 18,'® and was similar to the synthesis of the N-
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terminal portion of inhibitors 16 and 17. The only difference was that the ketone was carried through the
synthesis as a thioketal, which was deprotected at the end of the sequence using N-bromosuccinimide and H,0. 1

The inhibitors were assayed against cathepsin B using the methylcoumarylamide substrate Z-Arg-Arg-
NMec.'* The hydrolysis reactions were monitored by fluorescence spectroscopy using excitation and emission
wavelengths of 350 and 440 nm respectively. Control compound 21 is a poor inhibitor of cathepsin B with an
inhibition constant of 24 mM. Compounds 16 and 17 have K, values of 6.6 and 6.1 mM, respectively.”” These
results demonstrate that the potency of cyclohexanone-based inhibitors can be improved significantly by building
in functionality that interact with the S’ binding sites. Although our design efforts have not yet yielded inhibitors
with high potency against cathepsin B, this work has set the stage for the solid phase synthesis of a combinatorial
library of inhibitors that are constructed around the 4-heterocyclohexanone pharmacophore.
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of dimensions 0.28 x0.13 x0.07mm was used. A total of 6403
independent reflections were measured on a Siemens P4/PC diffrac-
tometer with graphite-monochromated Cuy, radiation using w scans.
The structure was solved by the heavy atom (Patterson) method and
all the major occupancy non-hydrogen atoms were refined anisotropi-
cally with absorption corrected (lamina {100]) data using full-matrix
least-squares based on F? to give R, =0.071, wR,=0.190 for 5193
independent observed reflections (| F, | > 40(| F, | ), 20 <120°) and 443
parameters. Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion no. CCDC-102341. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.
ac.uk).
An examination of contacts does not reveal any obvious reason for
this difference in bond lengths. There is however an intermolecular
contact between CI(5) and its symmetry-related counterpart (3.51 A).
[10] P.J. Bonasia, J. Amnold, J. Organomet. Chem. 1993, 449, 147; Ir-Te
bond lengths in the range 2.626(1)-2.643(1) A are observed in the
cubane [Iry(u-Te)(n-CsMes)y]: S. Schulz, M. Andruh, T. Pape, T.
Heinze, H. W. Roesky, L. Hiaming, A. Kuhn, R. Herbst-Irmer,
Organometallics, 1994, 13, 4004.
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Hydrolysis of Amides Catalyzed by
4-Heterocyclohexanones: Small Molecule
Mimics of Serine Proteases**

Mousumi Ghosh, Jeffrey L. Conroy, and
Christopher T. Seto*

One of the long-standing problems in bioorganic chemistry
is the design of catalysts that hydrolyze amide bonds under
mild conditions.> 2 Amides are stable species; the half-life for
peptide hydrolysis under neutral conditions at 25°C has been
estimated to be seven years.’l However, nature has been able
to develop four different classes of proteases that are capable
of sequence-specific hydrolysis of peptides with tremendous
rate accelerations. Therefore, the design of artificial catalysts
that begin to approach the activity and specificity of protein-
based catalysts is a fascinating and challenging problem. Here
we report that the cyclohexanone 1 and the 4-heterocyclo-
hexanones 2-4 are efficient catalysts for the base-promoted
hydrolysis of amides.

We have shown previously that 4-heterocyclohexanones
can be used to synthesize inhibitors of cysteine proteases.]
These compounds inhibit the protease by reaction of the
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4-heterocyclohexanone carbonyl group with the active-site
cysteine nucleophile of the enzyme with reversible formation
of a hemithioacetal adduct.®! In our current studies we are
interested in developing catalysts of amide hydrolysis, and we
reasoned that the amide substrates 5-7 could be anchored
reversibly to a 4-heterocyclohexanone catalyst to form similar
hemithioacetal adducts. Hydrolysis of the amide could then
occur through a series of reactions that mimic the mechanism
used by serine proteases to catalyze hydrolysis of peptides, as
discussed below. These reactions serve as a model for
hydrolysis of peptides specifically on the C-terminal side of
cysteine residues.

We have monitored the hydrolysis of 5-7 catalyzed by
4-heterocyclohexanones by 'H or “F NMR spectroscopy, or
reverse-phase HPLC.¥ The reactions were performed under
pseudo-first-order conditions, and they showed an exponen-
tial decrease in the substrate concentration as a function of
time. Table 1 shows the observed rate constants for several

Table 1. Observed rate constants for hydrolysis of amides catalyzed by
4-heterocyclohexanones.?

Entry Catalyst Substrate Kops [s7Y] k™
1 none 5 15%x 107
2 1 5 25x 1078 2
3 2 5 59x 108 4
4 3kl 5 3.7x10°% 2
5 4 5 22x10* 14700
6 4 6 1.5x 10 10000
7 none 6 1.5x 10
8 4 7 12 x10* 3900
9 none 7 31x10°8

10 4] 8 1.0 x 107

[a] All reactions were performed at 25°C with 20mu substrate, 200mM
NaOD, and 600mM catalyst (where present) D,O/CD;OD (4/1) unless
otherwise specified. [b] Rate constant relative to the background reaction
(no catalyst) with the same substrate. [c] Reaction was performed in D,O/
CD,OD (1/1) because of low solubility of the catalyst or substrate in
aqueous solution.

reactions with a variety of substrates and catalysts. The most
efficient catalysis that we have measured is shown in entry 5.
In this reaction the hydrolysis of 5 is accelerated by more than
four orders of magnitude relative to the background reaction
when it is carried out in the presence of 600 mm tetrahydro-
pyranone (THP, 4).

The efficiency of the hydrolysis reaction is highly depend-
ent on the heteroatom in the 4-heterocyclohexanone catalyst
(compare entries 2 -5, Table 1). The reactivity of the carbonyl
group in the catalyst is controlled by a through-space electro-
static repulsion between the dipoles of the ketone and the
heteroatom. We have demonstrated previously that the
equilibrium constant for addition of a thiol to 4-heterocyclo-

1433-7851/99/3804-0514 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1999, 38, No. 4
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hexanones is correlated with the strength of this electrostatic
repulsion.l! Thus THP, which has the strongest through-space
interaction, is the most substrate bound and has the most
effective catalyst at nonsaturating concentrations of substrate
and catalyst.””] In addition to simple binding of the substrate to
the catalyst, this type of through-space electrostatic interac-
tion can also exert other effects which significantly influence
the rate of the hydrolysis reaction. For example, electrostatic
interactions should alter the pK, of the hemithioacetal
hydroxyl group which is involved in catalysis. A combination
of these effects causes THP to be a much better catalyst than
the corresponding carbon, nitrogen, and sulfur analogues. It is
interesting to note that benzaldehyde, acetophenone, and
trifluoromethyl ketone derivatives are not effective catalysts
for these hydrolysis reactions.

To investigate the mechanism of this reaction we have
examined the kinetic order for hydrolysis of 5 catalyzed by
THP by varying the NaOD and catalyst concentrations under
pseudo-first order conditions (Figure 1). The observed rate

[NaOH]/m —

0
3.0
I 2.04
Kops X 10%/ sec™
" 1.04
0.0 T T T T
0.0 0.2 04 0.6

[THP] /M ——

Figure 1. Hydrolysis of 5 catalyzed by tetrahydropyranone (THP, 4) in
D,0/CD;0D 4/1. e: reactions with 20mm substrate, 300mm tetrahydro-
pyranone, and NaOD in concentrations from 50 to 500 mu; slope =5.72 x
10-*m-!s-1. o: reactions with 20mwm substrate, 200mm NaOD, and THP in
concentrations from 60 to 600mm; slope =3.77 x 102 M~s-%.

constant increases linearly with the concentration of NaOD or
THP. These results indicate that the rate expression for the
hydrolysis reaction is defined by Equation (1).

rate = kyq[substrate][catalyst][NaOH] 1)

We have used the slopes of the plots shown in Figure 1 to
calculate the value of the third-order rate constant kyy,.. The
experiments in which the catalyst concentration was varied
(open circles) give a calculated rate constant of Ky =1.88 x
10-3m-2s-!, while the experiments in which the NaOD
concentration was varied (closed circles) give kpyq=1.91x
10-3M~2s"., The excellent agreement between these values
provides further evidence that the rate expression formulated
in Equation (1) is correct.

The observed rate constant for these reactions is a linear
function of the catalyst concentration over the range of 60—
600 mm THP (Figure 1). However, at concentrations at which
the substrate is fully bound by catalyst, the rate constant
should become independent of catalyst. These observations

indicate that the association constant K for the binding of § to
THP is less than 1.7M~11"

To explore the scope of this reaction, we have measured the
hydrolysis rates for the three substrates 5—7. Interestingly,
there is less than a twofold difference in the rate constants
between 5, which is an relatively activated substrate, and 7,
which is an example of an unactivated amide. These results
indicate that THP can accelerate significantly the rate of
hydrolysis of unactivated amides, and suggest that it may
serve as a useful catalyst for the cleavage of peptide bonds.

Under strongly basic conditions, the rate of uncatalyzed
amide hydrolysis typically shows a small dependence on the
nature of the leaving group.®! This observation can be
rationalized because substituents on the leaving group have
opposite effects on the rate of hydroxide addition to the amide
carbonyl group and the rate of departure of the leaving group,
which must be partially or fully protonated during this step.
The small dependence of the rate of the catalyzed reaction on
the nature of the leaving group suggests a similarity between
the mechanisms of the catalyzed and uncatalyzed reactions.

Scheme 1 shows a plausible mechanism for the hydrolysis of
amides catalyzed by 4-heterocyclohexanones. This mecha-
nism mimics the series of reactions that occur during the

(o] - NHR
(O3
ks Y

(o}
- +
s\)LNHR
X X
I

HSCHzcoz‘)/
NHR
oH O
o, Y
0 ° ®
I
X
OH
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05 -oy OuS
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v

I

Scheme 1. Proposed mechanism for the hydrolysis of amides catalyzed by
4-heterocyclohexanones.

(o}
x

hydrolysis of peptides by serine proteases. Three important
features of the enzymatic reaction are replicated in the
proposed mechanism: 1) The substrate binds to the catalyst in
a reaction that reaches equilibrium faster than amide
hydrolysis. In Scheme 1 this entails nucleophilic attack by
the substrate thiolate on the carbonyl group of the 4-hetero-
cyclohexanone to yield hemithioacetal anion I. This strategy,
which involves formation of a reversible covalent bond,
provides a reliable method for anchoring the substrate to the
catalyst in a well-defined geometry. 2) The substrate reacts
with a catalyst nucleophile to generate an acyl-enzyme
intermediate. In the small-molecule system, the anion in
hemithioacetal I is positioned for nucleophilic attack on the
amide carbonyl group through formation of a five-membered
ring to give tetrahedral intermediate II. Breakdown of this
tetrahedral intermediate releases the amine leaving group and
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generates acyl-catalyst intermediate III. Similar mechanisms
have been observed in the neighboring group participation by
carbonyl hydrates during the hydrolysis of carboxylate and
phosphate esters. However these examples are stoichiometric
reactions that are promoted by intramolecular carbonyl
groups*-11 3) Deacylation of the acyl-enzyme intermediate
regenerates the catalysts. This process is mimicked by reaction
of Il with hydroxide to give tetrahedral intermediate IV,
which then breaks down to yield hemithioacetal V. Dissoci-
ation of V releases the carboxylate anion and regenerates the
4-heterocyclohexanone catalyst.

We have performed two additional experiments to probe
the validity of this proposed mechanism. First, we have
synthesized control compound 8 in which the thiol group is
blocked as the methyl thioether in order to determine if a thiol
functionality in the substrate is necessary for catalysis.
Comparison of entries 1 and 10 in Table 1 shows that the
rate of hydrolysis of 8 in the presence of 600mm catalyst is
only sevenfold faster than the rate of hydrolysis of substrate §
in the absence of catalyst. This comparison shows that a free
thio! group in the substrate is required for catalysis. In
addition, the results shows that the mechanism of the
catalyzed reaction cannot involve simple intermolecular
nucleophilic attack by the anion of the 4-heterocyclohexa-
none hydrate on the carbonyl of the amide substrate.

In a second experiment we have independently synthesized
the acyl-catalyst intermediate HI (Scheme 1) in which X =S§,
and we monitored its rate of hydrolysis under the reaction
conditions. We find that this intermediate is hydrolyzed much
faster than the amide substrates in any of the catalyzed
reactions. These two observations are consistent with the
mechanism proposed in Scheme 1, and they suggest that the
rate-limiting step for the catalyzed reaction occurs before
hydrolysis of intermediate IIL

In conclusion, we have demonstrated that tetrahydropyr-
anone (4) is an effective catalyst for the hydrolysis of amide
substrates that contain an adjacent thiol functionality. The
reaction displays two features that are most often associated
with enzymatic systems. First, the substrate is bound to the
catalyst through a preliminary equilibrium in order to
decrease the entropic barrier to reaction. The catalysts
employ reversible formation of a hemithioacetal to establish
this equilibrium. We believe that formation of reversible
covalent bonds of this type will prove to be a useful method
for mediating the molecular recognition processes that are
involved in catalysis and self-assembly. Reversible covalent
bonds are complementary to the noncovalent interactions—
such as hydrogen bonds, hydrophobic interactions, and
electrostatic interactions—that are typically observed in
biological recognition processes. A second similarity to
enzymatic catalysis is that the reaction is catalyzed through
the participation of neighboring groups. We are currently
conducting experiments to characterize further the mecha-
nism of the reaction, and also to explore the possibility of
using 4-heterocyclohexanones to catalyze the cysteine-specif-
ic hydrolysis of peptides.
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Cyclic Enol Acetates Catalyzed by a
Rh-PennPhos Complex**
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The growing demand for practical and effective chiral
ligands and/or catalysts has fueled much recent progress in
ligand design. Although benchmark ligands such as 2,2-

[*] Prof. X. Zhang, Dr. Q. Jiang, D. Xiao, Dr. Z. Zhang, P. Cao

Department of Chemistry
The Pennsylvania State University
University Park, PA 16802 (USA)
Fax: (+1)814-863-8403
E-mail: xumu@chem.psu.edu

[**] This work was supported by a Camille and Henry Dreyfus New
Faculty Award and Teaching Scholar Award, an ONR Young
Investigator Award, a DuPont Young Faculty Award, Catalytica
Pharmaceuticals, and DuPont Agrochemical Products. We acknowl-
edge a generous loan of precious metals from Johnson Matthey Inc.
and a gift of chiral GC columns from Supelco. PennPhos = P,P-12-
phenylenebis(endo-2,5-dialkyl-7-phosphabicyclof2.2.1]heptanes).

1433-7851/99/3804-0516 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1999, 38, No. 4




J. Med. Chem. 1999, 42, 29692976 2969

4-Heterocyclohexanone-Based Inhibitors of the Serine Protease Plasmin

Tanya C. Sanders and Christopher T. Seto*

Department of Chemistry, Brown University, 324 Brook Street, Box H, Providence, Rhode Island 02912

Received March 11, 1999

Three inhibitors that are based upon a 4-heterocyclohexanone nucleus were synthesized and
evaluated for activity against the serine protease plasmin. Inhibitors of plasmin have potential
as cancer chemotherapeutic agents that act by blocking both angiogenesis and metastasis.
Inhibitor 1 has moderate activity against plasmin but shows good selectivity for this enzyme
compared to other serine proteases including trypsin, thrombin, and kallikrein. Inhibitor 2
shows both good activity and selectivity for plasmin. Inhibitor 8, which does not incorporate
an aminohexyl group that can interact with the S1 subsite, has poor activity. These results,
along with previous work, demonstrate that the 4-heterocyclohexanone nucleus can effectively
serve as the basis for designing inhibitors of both serine and cysteine proteases.

Introduction

Angiogenesis and metastasis are two processes that
are central to the progression of cancer. As such, they
have become important targets for the development of
chemotherapeutic agents. Several recent reports in the
literature have demonstrated that suppressing angio-
genesis is an effective method for limiting the growth
of primary tumors and producing dormancy in second-
ary metastases.]? Both angiogenesis and metastasis
require a proteolytic cascade that involves serine, cys-
teine, and metalloproteases. This proteolytic cascade
degrades the basement membrane which surrounds
blood vessels.3 During angiogenesis the resulting lesion
in the basement membrane allows epithelial cells to
extend into the neighboring tissues and form new blood
vessels. During metastasis cancer cells penetrate through
the degraded basement membrane and extracellular
matrix, become implanted in the underlying tissues, and
subsequently form secondary tumors.? Compounds which
inhibit enzymes in the proteolytic cascade may be useful
for blocking these processes.

Plasmin is a serine protease that plays an important
role in the proteolytic cascade. This protease acts
directly by hydrolyzing components of the basement
membrane such as fibrin, type IV collagen, fibronectin,
and laminin and also acts indirectly by activating other
enzymes in the cascade such as matrix metallopro-
teases.® Degradation of the basement membrane by
plasmin is a multistep process. For example, during the
first step in fibrin hydrolysis, plasminogen, which is the
inactive precursor to plasmin, binds to fibrin via a lysine
binding site. Next plasminogen is converted to active
plasmin in a reaction that is catalyzed by urokinase
plasminogen activator. Finally catalytic residues in the
active site of plasmin, which is separate from the lysine
binding site, hydrolyze fibrin via the mechanism that
is common to serine proteases.’ Most current pharma-
ceutical agents that are designed to inhibit plasmin are
targeted to the lysine binding site.® These agents inhibit
fibrinolysis by blocking the binding of plasminogen to
fibrin, and thus halting production of new plasmin. a2-
Antiplasmin, a natural plasmin inhibitor, is also tar-
geted to the lysine binding site.” However these fibrin-

10.1021/jm990110k CCC: $18.00

olysis inhibitors have no effect on the active site of the
enzyme, which retains its catalytic activity. Thus plas-
min that is already activated retains its catalytic
activity even after treatment with inhibitors that are
directed toward the lysine binding site. To overcome this
problem, we are interested in developing inhibitors that
are targeted to the active site of plasmin and are
designed to shut down catalytic activity. In this paper
we report the synthesis and evaluation of compounds
1-3 which are active site- directed inhibitors of plasmin.
Compound 2 has both good activity and specificity
against plasmin when compared to several other serine
proteases.®

Fli (o]
e fﬁ
S
1 R=(CHp)gNH, R= CHa)sNHg
Design of Inhibitors

We have recently reported a new class of inhibitors
for cysteine proteases that are based upon a 4-hetero-
cyclohexanone pharmacophore.? 13C NMR studies using
a 13C-labeled inhibitor confirm that these molecules
react with the enzyme to give a reversibly formed
covalent hemithioketal adduct between the active site
cysteine residue and the ketone of the inhibitor.1? The
key design feature in these molecules is the through-
space electrostatic repulsion that occurs between the
heteroatom and ketone functionalities in the 4-hetero-
cyclohexanone pharmacophore. This repulsive interac-
tion controls the electrophilicity of the ketone, which in
turn controls the potency of the inhibitors.?

Because serine and cysteine proteases share a similar
mechanism for hydrolyzing amide bonds, we expect that
4-heterocyclohexanones should be good inhibitors of
both classes of enzymes. Reaction of the active site
nucleophile of a serine protease with a 4-heterocyclo-
hexanone-based inhibitor would give a reversibly formed
hemiketal adduct. However, several reversible protease

© 1999 American Chemical Society

Published on Web 07/07/1999




2970 Journal of Medicinal Chemistry, 1999, Vol. 42, No. 15

}fl (o} R O
NG N
Peptide” _ Peptide”
/s [ S
quaternary -
peptoid-like
center structure

Figure 1. Shifting of the P1 side chain from the position a to
the ketone to the exocyclic nitrogen to avoid formation of the
quaternary center. R = (CH3)sNHo.

inhibitors show activity against one class of enzyme and
not the other. For example, trifluoromethyl ketones and
boronic acids are good inhibitors of serine proteases!!
but not cysteine proteases.1?13 Nitriles have the opposite
specificity, while aldehydes and a-dicarbonyl compounds
are good inhibitors of both classes of enzymes.!3 Thus
one of our motivations for synthesizing compounds 1-3
was to determine if 4-heterocyclohexanones would prove
to have activity against serine proteases, in addition to
cysteine proteases as we have shown previously.®

Plasmin has a strong specificity for substrates with
positively charged side chains in the P1 position. To
accommodate this specificity we have included a lysine-
like side chain in the structure of compounds 1 and 2.
However, attachment of this side chain in its “natural”
peptide-like position would place it on the tetrahy-
drothiopyranone ring between the ketone and the exo-
cyclic nitrogen (Figure 1). This placement would create
a sterically demanding quaternary center o to the
reactive ketone. Space-filling molecular models suggest
that this quaternary center would sterically inhibit
addition of an active site nucleophile to the ketone and
thus decrease the potency of the inhibitor. To overcome
this difficulty we have attached the P1 side chain to the
amide nitrogen that is connected to the ring. This type
of modification is well-precedented in peptoids.}* To
ensure that the lysine-like side chain of the inhibitor
makes good contact with the aspartic acid at the base
of the S1 binding site, we have increased the length of
the aminoalkyl chain to six carbons. This chain length
is based upon molecular modeling studies of inhibitor
2 bound in the active site of trypsin. The X-ray crystal
structure of the active site of plasmin has not been
solved; however, the active sites of plasmin and trypsin
share significant homology.1

Compound 1 contains three functionalities that are
designed to make specific contacts with the active site.
The ketone will react with the active site nucleophile
to give a hemiketal. In addition one of the aminoalkyl
chains will bind in the S1 subsite, while the second
aminoalkyl chain will extend along the main channel
of the active site to make contacts with the S3 subsite.
Okada and co-workers have shown that peptide-based
substrates and inhibitors that contain a free N-terminus
at the P3 position bind well to the enzyme.' In
compound 2, one of the aminoalkyl chains has been
replaced by phenylalanine and D-isoleucine in order to
include additional functionality that will interact with
the S2 and S3 subsites.1® The sulfur atom was incor-
porated into the cyclohexanone rings of the three
inhibitors because the related tetrahydrothiopyranone-
based inhibitor of the cysteine protease papain had good
activity and its synthesis was relatively straightfor-
ward.? Compound 3, which lacks an aminoalkyl func-
tionality, was synthesized in order to determine how
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@ Reagents and conditions: (a) 10, NaBH(OAc)3, dichloroethane,
50%; (b) Fmoc-Phe-F, DIEA, 12 (75%); (c) Fmoc-Phe, EDC, HOBT,
13 (36%); (d) piperidine, DMF, 14A and 14B (67%), 15A and 15B
(81%); (e) Boc-D-Ile, EDC, HOBT, 16A (78%), 16B (63%), 17A
(88%), 17B (86%); (f) TFA, Hy0, TIS, thioanisole, 2A (50%), 2B
(9%), 3A (34%), 3B (82%). A and B represent two different
diastereomers.

much the P1 side chain contributes to the affinity of the
inhibitors for plasmin. We have also synthesized com-
pound 22 (Scheme 4), which is similar in structure to 3
but lacks the electrophilic ketone functionality. This
molecule provides a useful control for probing the
mechanism of inhibition by inhibitors 1-3.

CHg)eNHBoc
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Scheme 4°
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@ Reagents and conditions: (a) 10, NaBH(OAc)s, dichloroethane,
25%; (b) Fmoc-Phe-F, DIEA; (c) piperidine, DMF, 66% (2 steps);
(d) Boc-p-le, EDC, HOBT, 91%; (e) TFA, triisopropylsilane,
ethanedithiol, 59%.

Chemistry

The synthesis of inhibitor 1, which is outlined in
Scheme 1, began with deprotection of the Boc-protected
nitrogen in compound 4 with trifluoroacetic acid to give
amine 5. The synthesis of 4 has been reported previ-
ously.? Dialkylation of 5 by reductive amination with 2
equiv of aldehyde 10 gave the tertiary amine 6. The Boc
protecting groups were removed with TFA to give 7, and
the ketal was hydrolyzed using aqueous HCI to give
inhibitor 1. Aldehyde 10 was synthesized starting from
6-amino-1-hexanol (8) (Scheme 2). The amino group in
8 was first protected using (Boc)2O to give alcohol 9,
followed by oxidation of the alcohol using pyridinium
chlorochromate.

The synthesis of inhibitors 2 and 3 began with
reductive amination of 5§ with 1 equiv of aldehyde 10
using sodium triacetoxyborohydride in dichloroethane
to give secondary amine 11 (Scheme 3).17 An alternate
strategy for the preparation of 11 involving monoalky-
lation of 5 with the appropriate alkyl bromide gave a
poor yield of the secondary amine. Amine 5 was coupled
to Fmoc-Phe using a standard peptide coupling proce-
dure that employed 1-(3-dimethylaminopropyl)-3-eth-
ylcarbodiimide (EDC) and 1-hydroxybenzotriazole
(HOBT). However, the more sterically hindered second-
ary amine 11 did not couple under these conditions and
required reaction with the acid fluoride of Fmoc-Phe
using methodology developed by Carpino.!® These reac-
tions gave compounds 12 and 13, each as a mixture of
two diastereomers. The Fmoc protecting groups in 12
and 13 were removed using piperidine in DMF to give
amines 14 and 15. The diastereomers of both com-
pounds were separated at this stage using flash chro-
matography, and each of the diastereomers was carried
separately through the remainder of the synthesis. The
amines were next coupled to Boc-D-Ile using EDC and
HOBT to give compounds 16 and 17. Final removal of
the Boc and ketal protecting groups in 16 and 17 was
accomplished by treatment with trifluoroacetic acid and
H:O to give inhibitors 2 and 3.
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Table 1. Inhibition of Serine Proteases by Inhibitors 1-3
and 22

K; (uM)
compd® plasmin trypsin thrombin kallikrein
1 400 + 35 1400 £ 110 >10000 >10000
2A 50+5 1700 + 1500 720 + 550 630 + 125

2B 130 + 10
3A 9000 + 1000
3B 16000 + 1300
22 520 % 30

¢ A and B represent two different diastereomers.

Control compound 22 was synthesized in a manner
similar to that of inhibitor 2 (Scheme 4). Reductive
alkylation of cyclohexylamine with aldehyde 10 gave
secondary amine 19. This material was coupled to Fmoc-
Phe-F followed by removal of the Fmoc protecting group
to give compound 20. After a second coupling reaction
with Boc-D-Ile, the Boc protecting groups were removed
to give 22.

Results and Discussion

Compound 1, which incorporates two simple amino-
hexyl side chains, was assayed against four different
serine proteases; plasmin, trypsin, thrombin, and kal-
likrein (Table 1). All of these proteases have a strong
specificity for positively charged side chains such as
lysine or arginine at the P1 position and thus provide a
reasonable test of the specificity of the inhibitors for
plasmin compared to other related enzymes. Compound
1 has modest activity against plasmin with an inhibition
constant of 400 4M. It has greater than 25-fold selectiv-
ity for this protease when compared to thrombin and
kallikrein and a 3-fold selectivity when compared to
trypsin. The similar affinity of this inhibitor for plasmin
and trypsin is reasonable based upon the sequence
homology between the two enzymes.15

To increase both the potency and specificity of the
inhibitors, we have replaced one of the aminohexyl
chains in compound 1 with a p-Ile-L-Phe dipeptide to
give inhibitors 2A and 2B. The free N-terminus of the
D-Ile residue in these compounds positions a positive
charge in the S3 enzyme subsite, which has been shown
to be beneficial for binding.16 In addition, the D-Ile and
Phe side chains provide hydrophobic contacts with the
S2 and S3 subsites. Compound 2A is a good inhibitor
of plasmin with an inhibition constant of 50 uM. By
comparison it has significantly lower affinity for trypsin,
thrombin, and kallikrein. The low activity of this
inhibitor against trypsin is somewhat surprising given
the reported similarity between the active sites of
plasmin and trypsin.}® Lineweaver—Burk analysis of 2A
against plasmin demonstrates that it is a reversible
competitive inhibitor. This observation is consistent
with a mechanism of inhibition that involves addition
of the active site serine residue to the tetrahydrothi-
opyranone carbonyl group of the inhibitor to give a
reversibly formed hemiketal. This mechanism has been
demonstrated for related inhibitors of the cysteine
protease papain.10

Compound 2B has an affinity for plasmin that is 2—3
times lower than that of its diastereomer 2A. In
contrast, there is a 100-fold difference in the binding of
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two diastereomers of analogous inhibitors for papain.®
Papain has a relatively deep and narrow binding cleft!®
that discriminates strongly between two diastereomers
that differ in stereochemistry at the position o to the
reactive ketone. Based upon the similarities between
plasmin and trypsin,!6 it is likely that plasmin has a
binding cleft that is much more open and shallow when
compared to papain. This sterically unrestrictive active
site can accommeodate both diastereomers of inhibitor
2, and it is reasonable to expect that both diastereomers
can find a conformation in the active site that allows
reaction with the active site serine residue. Thus 2A
and 2B can bind to plasmin with similar affinities.

We have synthesized compounds 3A and 3B in order
to determine how much the aminohexyl side chain
contributes to the potency of the inhibitors. These
compounds are similar in structure to 2A and 2B but
are missing the side chain which interacts with the S1
pocket in the enzyme active site. Since plasmin is
specific for substrates that incorporate a lysine residue
at P1, we expected that removing the aminohexyl group
from the inhibitor should have a significant negative
impact on its ability to bind. Compounds 3A and 3B
have inhibition constants against plasmin of 9.0 and
16.0 mM, respectively. These values are 200—300 times
higher than the inhibition constant for 2A. This result
confirms that the aminohexyl side chain, which mimics
a lysine residue at the P1 position of the inhibitor, is
critical for good recognition and affinity for the protease.

The design of these 4-heterocyclohexanone-based
inhibitors depends on the supposition that the ketone
of the inhibitors reacts in a reversible covalent fashion
with the active site nucleophile. This mechanism has
been confirmed for cysteine proteases!® but remains
unproven for serine proteases. Thus it is possible that
compounds 1—3 are inhibiting plasmin through simple
noncovalent interactions. To further explore the mech-
anism of inhibition, we have synthesized compound 22
(Scheme 4) which is missing the thioether and ketone
functionalities that are present in inhibitor 2. If the
4-heterocyclohexanones are interacting with the enzyme
solely through noncovalent interactions such as salt
bridges, hydrogen bonds, and hydrophobic interactions,
control compound 22 should be a good mimic of inhibitor
2, and the two molecules would be expected to have
similar affinities for plasmin. However, if the ketone of
inhibitor 2 is also reacting with the active site serine to
give a reversibly formed covalent adduct, we would
expect 22 to be a significantly weaker inhibitor. Table
1 shows that compound 22 has an inhibition constant
against plasmin of 520 uM; a value that is 10-fold higher
than that observed for inhibitor 2. Although this result
does not unambiguously prove the mechanism of inhibi-
tion, it is consistent with the reasonable mechanistic
hypothesis that inhibitors 1—3 react with the active site
serine to give a hemiketal adduct.

In conclusion, this work has shown that the 4-het-
erocyclohexanone nucleus can serve as the basis for
designing good inhibitors of plasmin. In addition, our
experiments highlight the versatility of the 4-heterocy-
clohexanone nucleus because we have now confirmed
that it can be used to synthesize inhibitors of both serine
and cysteine proteases. We have also demonstrated the
feasibility of attaching P1 recognition elements to the
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inhibitors using the amide nitrogen in a strategy that
is borrowed from peptoids.!* Qur future work will focus
on extending the noncovalent interactions of these
inhibitors into the leaving group subsites of plasmin in
order to increase both their potency and specificity.

Experimental Section

General Methods. NMR spectra were recorded on a
Bruker WM-250, Avance-300, or Avance-400 instrument.
Spectra were calibrated using TMS (6 = 0.00 ppm) for tH NMR
and CDCl3 (6 = 77.0 ppm) or CD3OD (6 = 49.0 ppm) for 13C
NMR. IR spectra were recorded on a Perkin-Elmer 1700 series
FT-IR spectrometer. Mass spectra were recorded on a Kratos
MS 80 spectrometer under electron impact (EI), chemical
ionization (CI), or fast-atom bombardment (FAB) conditions.
HPLC analyses were performed on a Rainin HPLC system
with Rainin Microsorb silica or C18 columns and UV detection.
Semipreparative HPLC was performed on the same system
using a semipreparative column (21.4 x 250 mm).

Reactions were conducted under an atmosphere of dry
nitrogen in oven-dried glasswear. Anhydrous procedures were
conducted using standard syringe and cannula transfer tech-
niques. THF was distilled from sodium and benzophenone.
Other solvents were of reagent grade and were stored over
4-A molecular sieves. All other reagents were used as received.
Organic solutions were dried over MgSO4 unless otherwise
noted. Solvent removal was performed by rotary evaporation
at water aspirator pressure.

Primary Amine 5. A solution containing 9.5 mL of trif-
luoroacetic acid (TFA), 0.25 mL of triisopropylsilane (TIS), and
0.25 mL of thioanisole was added to the carbamate 4° (4.8 g,
17 mmol) dissolved in 2 mL of CH;Cl,. After stirring at room
temperature for 10 min the solvent was evaporated under
reduced pressure. The crude product was purified by column
chromatography (1:10:89 concentrated NH,OH/CH30H/CH,-
Cly) affording 2.8 g (15 mmol, 89%) of the primary amine 5:
1H NMR (300 MHz, MeOH-dy) 6 1.44 (dm, J = 13.5 Hz, 1H),
1.65 (ddd, J = 15.0, 11.6, 8.5 Hz, 1H), 1.94-2.11 (m, 1H), 2.50
(dm, J = 13.8 Hz, 1H), 2.61 (ddd, J = 13.1, 5.6, 1.8 Hz, 1H),
2.73 (ddd, J = 13.9, 11.4, 2.6 Hz, 1H), 2.96 (dd, J = 13.0,11.2
Hz, 1H), 3.21 (dm, J = 14.4 Hz, 1H), 3.30 (m, 1H), 3.89 (m,
2H), 4.10 (m, 2H); 13C NMR (75 MHz, MeOH-d,) 6 25.9, 26.4,
28.5, 31.1, 57.9, 60.9, 61.1, 96.5; HRMS-EI (M*) caled for CgHis-
NO,S 189.0824, found 189.0827.

Tertiary Amine 6. Amine 5 (0.15 g, 0.79 mmol) was
dissolved in 5 mL of 1,2-dichloroethane (DCE) before the
aldehyde 10 (0.38 g, 1.7 mmol) and sodium triacetoxyborohy-
dride (0.23 g, 1.1 mmol) were added. After 6.5 h at room
temperature the reaction was partitioned between saturated
NaHCOj3 solution and EtOAc. The organic layer was dried over
MgSO; and concentrated. The crude product was purified by
flash chromatography (EtOAc) affording 0.10 g (0.18 mmol,
22%) of the tertiary amine 6: 'H NMR (400 MHz, MeOH-d,)
6 1.24—1.35 (m, 37H), 1.96 (m, 1H), 2.28 (m, 1H), 2.51-2.63
(m, 3H), 2.78 (m, 3H), 2.93—3.00 (m, 5H), 3.23~3.27 (m, 2H),
3.75—4.02 (m, 4H); 13C NMR (100 MHz, MeOH-d4) 6 25.9, 26.5,
27.1, 27.9, 28.2, 28.8, 30.2, 31.1, 33.0, 41.4, 53.4, 59.6, 59.8,
68.2, 79.8, 100.8, 158.6; HRMS—FAB (M + Na*) caled for
C30H57N3NaOgS 610.3866, found 610.3882.

Ketal 7. Tertiary amine 6 (100 mg, 0.17 mmol) was
dissolved in 1 mL of a solution containing 92.5% TFA, 2.5%
TIS, 2.5% thioanisole, and 2.5% Hs0. The reaction was stirred
at room temperature for 1 h before the TFA was removed
under reduced pressure. The resultant material was dissolved
in MeOH to which Et;O was added until the solution turned
cloudy. The ketal 7 (53 mg, 0.86 mmol, 50%) which settled
out of the solution as an oily liquid was used without further
purification: 'H NMR (250 MHz, MeOH-d,) 41.46 (m, 9H),
1.66—1.85 (m, 10H), 2.07 (m, 1H), 2.49~2.54 (m, 1H), 2.79—
3.01 (m, 7TH), 3.25 (m, 2H), 3.45 (m, 1H), 3.59—-3.64 (dd, J =
12.0, 2.9 Hz, 1H), 3.93—4.28 (m, 5H); 13C NMR (75 MHz,
MeOH-d,) § 23.8, 25.9, 26.0, 26.5, 26.6, 27.4, 27.5, 27.8, 28.7,
28.8, 32.6, 40.9, 54.6, 55.6, 61.2, 61.4, 69.9, 98.3, 118 (q), 163.2
(@)-
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Alcohol 9. 6-Amino-1-hexanol (8) (2.0 g, 17 mmol) was
dissolved in a 5:1 mixture of 1,4-dioxane/H;0 and cooled to O
°C. Di-tert-butyl dicarbonate (7.5 g, 34 mmol) was added, and
the reaction mixture was allowed to warm to room tempera-
ture and stirred for 12 h. The dioxane was evaporated under
reduced pressure, and the remaining material was partitioned
between EtOAc and saturated NaHCO; solution. The organic
layer was washed with brine, dried over MgSO,, and concen-
trated under reduced pressure. The crude product was purified
by flash chromatography (4:1 EtOAc/hexanes) to afford alcohol
9 (3.2 g, 15 mmol, 88%): H NMR (300 MHz, CDCl;) 6 1.35—
1.76 (m, 18H), 3.11 (q, J = 6.1 Hz, 2H), 3.64 (t, J = 6.3 Hz,
2H), 4.60 (bs, 1H); 1C NMR (75 MHz, CDCls) 6 25.4, 26.4,
26.5, 28.4, 30.0, 32.6, 40.0, 62.4, 79.1, 156.2; HRMS-CI (M +
H*) caled for C11H24NO3 218.1756, found 218.1760.

Aldehyde 10. The alcohol 9 (7.2 g, 33 mmol) was added to
a CH,Cl; solution (500 mL) containing 51 g of neutral alumina
and pyridinium chlorochromate (11 g, 50 mmol). The reaction
was allowed to stir at room temperature for 3 h and then was
loaded directly onto a flash chromatography column. The
product was eluted with 1:1 EtOAc/hexanes to afford 6.5 g (30
mmol, 91%) of the aldehyde 10: IR 1704 cm™! (CO); 'H NMR
(250 MHz, CDCl3) 6 1.26—1.49 (m, 13H), 1.61 (pent, J = 7.2
Hz, 2H), 2.40 (t, J = 7.2 Hz, 2H), 3.08 (q, J = 6.6 Hz, 2H),
4.59 (bs, 1H), 9.76 (t, J = 1.7 Hz, 1H); 13C NMR (100 MHz,
CDCly) 6 22.5, 27.1, 29.2, 30.7, 41.4, 44.5, 79.8, 156.8, 203.0;
HRMS-CI (M + H*) caled for CyoH22NO; 216.1600, found
216.1600.

Secondary Amine 11. Aldehyde 10 (0.52 g, 2.4 mmol) was
dissolved in 2 mL of DCE and added to a solution of primary
amine 5 (0.51 g, 2.7 mmol) dissolved in 3 mL of DCE. After 10
min sodium triacetoxyborohydride (0.80 g, 3.8 mmol) was
added, and the reaction was allowed to stir for an additional
3 h at room temperature. The reaction was then quenched with
saturated NaHCO; solution and extracted with EtOAc. The
organic layer was dried over MgSO4 and concentrated under
reduced pressure. The crude product was purified by flash
chromatography (2:1:7 EtOA¢/MeOH/Et;0) providing the sec-
ondary amine 11 (0.53 g, 1.40 mmol, 50%): *H NMR (300 MHz,
MeOH-d,) 6 1.36—1.72 (m, 21H), 2.02 (m, 1H), 2.50 (dm, J =
13.7 Hz, 1H), 2.69 (ddd, J = 9.7, 9.7, 2.6 Hz, 1H), 2.76-2.89
(m, 4H), 3.00-3.07 (m, 4H), 3.87 (m, 2H), 4.02 (ddd, / = 11.9,
9.3, 2.5 Hz, 1H), 4.12 (ddd, J = 12.0, 12.0, 2.7 Hz, 4H); 1*C
NMR (75 MHz, MeOH-dy) 8 24.7, 25.2, 25.5, 25.9, 26.7, 28.2,
30.2, 40.4, 46.0, 60.0, 60.1, 62.8, 79.3, 96.1, 158.0; HRMS-FAB
(M + Na*) caled for Cy9H3eN2NaO4S 411.2294, found 411.2306.

Fmoc Ketal 12. Fmoc-Phe-F!8 (0.34 g, 0.89 mmol) and
diisopropylethylamine (DIEA; 0.10 mL, 0.60 mmol) were added
to a solution of the secondary amine 11 (0.11 g, 0.30 mmol)
dissolved in 15 mL of CHzCl;. The reaction was heated at
reflux for 5 h, then cooled, and washed with 10 mL of 1 N
NaOH, 15 mL of 1 N HCI, and 15 mL of saturated NaHCO;
solution. The organic layer was then dried over MgSO; and
concentrated under reduced pressure. Flash chromatography
(2:3 EtOAc/hexanes) of the resultant material afforded a
mixture of two diastereomers of Fmoc ketal 12 (0.17 g, 0.22
mmol, 75%): H NMR (300 MHz, CDCl3) 6 1.02—2.07 (m, 21H),
2.28—2.45 (m, 1H), 2.56—5.09 (m, 18H), 5.39—5.90 (m, 1H),
7.20-7.83 (m, 13H); 13C NMR (75 MHz, CDCls) ¢ 25.0, 26.5,
27.1, 27.3, 28.4, 28.7, 29.1, 30.1, 31.3, 40.5, 41.4, 44.9, 47.1,
417.3,52.1,52.4, 58.8, 59.0, 63.0, 66.6, 66.9, 97.1, 120.0, 125.1,
125.2, 126.5, 126.8, 127.0, 127.6, 128.3, 128.4, 128.5, 128.6,
129.4, 129.7, 136.4, 136.8, 141.3, 143.9, 144.0, 155.2, 156.0,
172.8; HRMS-FAB (M + Na*) caled for Cy3HssN3sNaO7S
780.3659, found 780.3663.

Fmoc Ketal 13. A DMF solution (75 mL) containing
hydroxybenzotriazole (HOBT; 0.37 g, 2.8 mmol), N-(3-dim-
ethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC;
0.69 g, 3.6 mmol), and Fmoc-phenylalanine (1.1 g, 2.8 mmol)
was stirred at room temperature for 1 h. A solution of the
primary amine 5 (0.52 g, 2.8 mmol) and 4-methylmorpholine
(0.60 mL, 5.5 mmol) dissolved in 25 mL of DMF was then
added to the reaction mixture. After 2 h the reaction mixture
was partitioned between 100 mL of EtOAc and 100 mL of HzO.
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The organic layer was washed with 100 mL of Hz0, 50 mL of
saturated KHSO; solution, and 50 mL of saturated Na;CO;3
solution, dried over MgSO,, and concentrated under reduced
pressure. Flash chromatography (1:1 EtOAc/hexanes) afforded
a mixture of two diastereomers of Fmoc ketal 13 (0.56 g, 1.0
mmol, 36%): 'H NMR (300 MHz, CDCls) 6 1.62—1.81 (m, 3H),
2.28-3.19 (m, 7TH), 3.72—3.93 (m, 4H), 4.10—4.46 (m, 5H), 5.44
(m, 1H), 6.24—6.48 (m, 1H), 7.24—7.79 (m, 13H); 3C NMR (75
MHz, CDCly) 6 25.0, 25.3, 25.4, 30.6, 30.7, 32.0, 32.2, 39.2,
39.5, 47.6, 56.6, 56.9, 59.4, 59.5, 59.6, 67.5, 96.3, 96.4, 120.4,
125.47, 125.54, 127.3, 127.5, 128.1, 129.0, 129.1, 129.8, 129.9,
136.8, 137.0, 141.7, 144.2, 156.2, 170.4, 170.6; HRMS—FAB
(M + Na*) caled for C32H34NoNaOsS 581.2086, found 581.2099.

Amino Ketals 14A and 14B. A DMF solution (35 mL) of
Fmoc ketal 12 (1.75 g, 2.3 mmol) and piperidine (1.4 mL, 14
mmol) was stirred at room temperature for 1 h. The solvent
was evaporated under reduced pressure, and the crude mate-
rial was purified by flash chromatography (98:2 CH;ClyMeOH)
to give the two separate diastereomers of the amino ketals 14A
(0.43 g, 0.50 mmol) and 14B (0.41 g, 0.76 mmol) with a
combined yield of 67%. 14A: H NMR (300 MHz, CDCl;)
1.08 (m, 1H), 1.09-1.34 (m, 7H), 1.36-1.52 (m, 14H), 1.68—
1.73 (m, 4H), 1.84—1.97 (m, 1H), 2.36 (dq, J = 13.5, 1.8 Hz,
1H), 2.65—-2.82 (m, 2H), 2.91—3.02 (m, 2H), 3.09—3.19 (m, 4H),
3.44-3.59 (m, 1H), 3.63 (dd, J = 11.4, 3.3 Hz, 1H), 3.71-3.91
(m, 4H), 4.02 (dt, J = 11.9, 2.4 Hz, 1H), 4.10 (dd, J = 10.0, 5.7
Hz, 1H), 4.60 (bm, 1H), 7.19—7.39 (m, 5H); 1*C NMR (75 MHz,
CDCl3) 6 27.6,29.2, 29.8, 30.3, 31.2, 31.9, 32.8, 34.1,45.4, 47.5,
55.5, 61.6, 62.0, 65.2, 100.1, 129.1, 131.2, 132.2, 140.6, 180.0;
HRMS-ESI (M + H*) caled for CasHyN3OsS 536.3158, found
536.3163. 14B: 'H NMR (300 MHz, CDCl3) 6 1.25~1.67 (m,
27H), 1.96—2.02 (m, 2H), 2.43—2.51 (m, 2H), 2.67 (dd, J = 13.6,
9.3 Hz, 1H), 2.79~2.83 (m, 1H), 3.11-3.30 (m, 6H), 3.36—-3.52
(m, 2H), 3.69—4.05 (m, 6H), 4.27 (dd, J = 11.2, 2.9 Hz, 1H),
4.61 (bs, 1H), 7.20—17.34 (m, 5H); 13C NMR (75 MHz, CDCl,) 6
24.0, 24.1, 24.3, 25.6, 25.8, 26.1, 26.4, 27.5, 27.7, 28.0, 28.3,
29.3, 30.2, 30.7, 30.9, 39.8, 41.5, 42.0, 43.6, 43.8, 52.6, 52.9,
57.9, 58.0, 58.1, 58.8, 62.3, 78.2, 78.3, 96.7, 97.2, 125.5, 125.9,
127.6, 127.7, 128.6, 128.7, 137.6, 138.6, 155.2, 155.5, 175.0,
175.8; HRMS-ESI (M + H*) caled for CysHasN305S 536.3158,
found 536.3140.

Amino Ketals 15A and 15B. A solution of piperidine (0.6
mL, 6.0 mmol) and Fmoc ketal 13 (0.56 g, 1.0 mmol) in 5 mL
of DMF was allowed to stir at room temperature for 5 h. The
reaction mixture was then partitioned between 50 mL of
EtOAc and 50 mL of H,O. The organic layer was washed with
H,0, dried over MgSOy, and concentrated. The crude material
was purified by flash chromatography (2:98 MeOH/CH;Cl,) to
afford the two separate diastereomers of the amino ketals 15A
(0.17 g, 0.50 mmol) and 15B (0.11 g, 0.32 mmol) with a
combined yield of 81%. 15A: 'H NMR (300 MHz, CDCly) é
1.26 (s, 2H), 1.47 (m, 2H), 1.68 (m, 1H), 2.30 (bm, 1H), 2.50
(m, 2H), 2.73 (dd, J = 138.7, 9.2 Hz, 5H), 2.93 (m, 1H), 3.26
(dd, J = 13.7, 3.9 Hz, 1H), 3.67 (dd, J = 9.2, 4.0 Hz, 1H), 3.81
(m, 1H), 3.93 (m, 2H), 4.14 (m, 1H), 4.66 (bm, 1H), 7.23—-7.34
(m, 5H), 8.01 (d, J = 8.6 Hz, 1H); 13C NMR (75 MHz, CDCly)
425.9,26.7,31.3, 32.7, 42.6, 57.6, 60.5, 60.8, 97.9, 128.2, 129.9,
131.0, 134.3, 139.2, 176.8; HRMS—FAB (M + H*) calcd for
C17Ha5N203S 337.1586, found 337.1579. 15B: *H NMR (300
MHz, CDClg) 6 1.53—1.72 (m, 4H), 2.29 (bs, 1H), 2.52 (m, 2H),
2.76 (dd, J = 13.7, 9.1 Hz, 2H), 2.96 (dd, J = 10.8, 2.1 Hz,
1H), 3.26 (dd, J = 13.7, 4.5 Hz, 1H), 3.64 (dd, J = 9.1, 4.6 Hz,
1H), 3.82 (m, 1H), 3.94 (m, 2H), 3.96 (m, 1H), 4.70 (bm, 1H),
7.22—17.35 (m, 5H), 7.90 (d, J = 9.2 Hz, 1H); 1*C NMR (75 MHz,
CDCl3) 8 25.9, 26.6, 31.2, 32.7, 42.8, 57.9, 60.5, 60.7, 97.8,
128.1, 130.0, 130.9, 139.4, 176.8; HRMS—FAB (M + H*) caled
for C17H35N203S 337.1586, found 337.1592.

Boc Ketal 16A. A DMF solution (10 mL) containing HOBT
(103 mg, 0.76 mmol), EDC (192 mg, 1.0 mmol), and Boc-p-Ile
(172 mg, 0.76 mmol) was stirred at room temperature for 20
h. A solution of the amino ketal 14A (0.41 g, 0.76 mmol) and
4-methylmorpholine (0.17 mL, 1.5 mmol) dissolved in 10 mL
of DMF was then added to the reaction mixture. After 4 h the
reaction mixture was partitioned between EtOAc and H;O. The
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organic layer was washed with H20, dried over MgS0Oy4, and
concentrated under reduced pressure. Flash chromatography
(4:1 EtOAc/hexanes) afforded the Boc ketal 16A (0.44 g, 0.59
mmol, 78%). This compound appears in the NMR spectra as a
mixture of two conformational isomers: 'H NMR (300 MHz,
CDCl;) 6 0.75—0.99 (m, 6H), 1.06~—1.36 (m, 34H), 2.27—2.32
(m, 1H), 2.62 (t, J = 13.1 Hz, 1H), 2.75 (t, J = 12.3 Hz, 1H),
2.87 (t, J = 11.5 Hz, 1H), 2.97—-8.17 (m, 5H), 3.46—4.03 (m,
6H), 4.56 (m, 0.5H), 4.97-5.30 (m, 1.5H), 6.90 (d, J = 7.1 Hz,
1H), 7.17-17.31 (m, 5H); 33C NMR (100 MHz, CDCl;) J 11.9,
15.6, 15.77, 15.83, 25.0, 25.2, 25.3, 26.3, 26.8, 27.4, 27.5, 28.6,
28.7, 29.4, 30.4, 31.4, 37.8, 38.2, 40.4, 40.8, 41.2, 41.3, 45.3,
51.2,51.3,59.2,63.3, 79.3, 79.9, 97.3, 98.3, 127.1, 128.7, 129.0,
129.7, 130.0, 130.1, 136.6, 137.0, 155.9, 170.3, 170.4, 173.0,
192.2, 201.5; HRMS~FAB (M + Na*) caled for C3sHgsN4NaOgS
771.4166, found 771.4334 for a mixture of diastereomers 16A
and 16B.

Boc Ketal 16B. Compound 16B was prepared from 14B
(270 mg, 0.51 mmol), HOBT (68 mg, 0.51 mmol), EDC (130
mg, 0.67 mmol), Boc-D-Ile (120 mg, 0.51 mmol), and 4-meth-
ylmorpholine (0.11 mL, 1.0 mmol) in 20 mL of DMF using the
method described for the synthesis of 16A. The crude material
was purified by HPLC (1.6% MeOH/CH,Cl; over 45 min) to
afford 16B (240 mg, 0.32 mmol, 63%). This compound appears
in the NMR spectra as a mixture of two conformational
isomers: H NMR (300 MHz, CDCl3) 6 0.67—1.07 (m, 6H),
1.32—-1.48 (m, 26H), 1.62—1.79 (m, 2H), 1.91-2.03 (m, 2H),
2.44 (m, 1.5H), 2.76—3.49 (m, 8H), 3.66 (m, 0.5H), 3.80—4.05
(m, 4H), 4.57 (m, 1H), 4.92-5.29 (m, 3H), 6.48 (m, 0.5H), 6.65
(m, 0.5H), 7.18—7.30 (m, 5H); 3C NMR (100 MHz, CDCl,) 6
11.9,12.1, 15.6, 15.8, 24.8, 24.9, 25.0, 25.36, 25.41, 26.5, 26.9,
274, 28.4, 28.7, 28.8, 28.9, 29.2, 30.1, 31.3, 31.6, 37.7, 38.2,
38.5, 40.6, 40.9, 44.8, 45.2, 50.7, 51.1, 53.8, 59.1, 59.2, 59.3,
59.4,59.5,63.0, 77. 7, 79.4, 80.0, 97.9, 98.2, 126.8, 127 .4, 128.6,
128.9, 129.8, 129.9, 137.0, 138.0, 155.9, 171.1, 173.1; HRMS—
FAB (M + Na*) caled for CioHgsN4NaOgS 771.4166, found
771.4334 for a mixture of diastereomers 16A and 16B.

Boc Ketal 17A. Compound 17A was prepared from com-
pound 15A (110 mg, 0.32 mmol), HOBT (43 mg, 0.32 mmol),
EDC (80 mg, 0.42 mmol), Boc-p-Ile (74 mg, 0.32 mmol), and
4-methylmorpholine (0.070 mL, 0.64 mmol) in 15 mL of DMF
by the method described for the synthesis of 16A. The crude
material was purified by flash chromatography (4:1 EtOA¢/
hexanes) to afford 17A (156 mg, 0.28 mmol, 88%): 'H NMR
(300 MHz, CDCl3) é 0.80—0.95 (m, 7H), 1.24—1.44 (m, 10H),
1.60—-1.81 (m, 6H), 2.46—2.59 (m, 3H), 2.82-3.13 (m, 3H),
8.76—4.01 (m, 5H), 4.44 (m, 1H), 4.73 (q, J = 6.9 Hz, 1H), 5.01
(m, 1H), 6.58 (m, 2H), 7.19—7.32 (m, 5H); 13*C NMR (100 MHz,
CDCl;) 6 11.9, 15.8, 24.9, 25 .4, 28.7, 30.6, 31.9, 37.8, 38.6, 54.8,
59.6, 80.4, 96.3, 127.3, 129.0, 129.8, 136.8, 156.0, 170.4, 171.8;
HRMS—FAB (M + H*) caled for CsHy4N306S 550.2951, found
550.2961.

Boc Ketal 17B. Compound 17B was prepared from com-
pound 15B (106 mg, 0.32 mmol), HOBT (43 mg, 0.32 mmol),
EDC (78 mg, 0.41 mmol), Boc-p-Ile (73 mg, 0.32 mmol), and
4-methylmorpholine (0.070 mL, 0.64 mmol) in 15 mL of DMF
by the method described for the synthesis of 16A. The crude
material was purified by flash chromatography (4:1 EtOAc¢/
hexanes) to give compound 17B (148 mg, 0.27 mmol, 86%):
1H NMR (300 MHz, CDCl;) 6 0.81-1.02 (m, 7H), 1.23—-1.80
(m, 16H), 2.27—2.74 (m, 4H), 2.95-3.18 (m, 2H), 3.70—-3.99
(m, 5H), 4.38 (s, 1H), 4.67 (q, J = 8.2 Hz, 1H), 5.11 (m, 1H),
6.41 (m, 1H), 6.81 (d, J = 7.5 Hz, 1H), 7.20—7.31 (m, 5H); 3C
NMR (100 MHz, CDCl3) 6 12.0, 15.8, 24.9, 25.3, 28.7, 30.5,
32.0,38.1, 38.8, 55.2, 59.5, 59.6, 80.3, 96.3, 127.4, 129.1, 129.7,
137.0, 156.0, 170.1, 171.7, HRMS—-FAB (M + H*) caled for
CosHiaN306S 550.2951, found 550.2953.

Inhibitor 1. Ketal 7 (53 mg, 0.09 mmol) was dissolved in a
solution of 5 mL of MeOH and 10 mL of 6 N HCI. The reaction
was heated at reflux for 1 h before the solvent was removed
under reduced pressure. The crude material was dissolved in
a small amount of MeOH to which Et;0 was added until the
solution turned cloudy. The Et;O was pipetted off and the oily
residue further purified by RPHPLC (H.0 with 0.1% TFA) to
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afford 53 mg (0.09 mmol, 99%) of inhibitor 1: 'H NMR (300
MHz, MeOH-d,) ¢ 1.31 (m, 10H), 1.67—1.83 (m, 10H), 2.92—
3.04 (m, 9H), 3.14 (m, 1H), 4.61 (dd, J = 11.6, 5.3 Hz, 1H); 3C
NMR (75 MHz, MeOH-d,) 6 24.9, 25.9, 26.06, 26.12, 26.3, 27.3,
28.1, 29.0, 39.5, 44.5, 53.0, 53.2, 69.9, 201.9.

Inhibitor 2A. The Boc ketal 16A (100 mg, 0.14 mmol) was
dissolved in 1 mL of a solution containing 92.5% TFA, 2.5%
TIS, 2.5% thioanisole, and 2.5% H30. After 18 h the TFA was
removed under reduced pressure. The crude mixzture was
purified by reverse-phase HPLC (0—50% MeCN/H;0 over 45
min) affording 49 mg (0.068 mmol, 50%) of the inhibitor 2A:
1H NMR (300 MHz, MeOH-d,) 4 0.83—0.97 (m, 7H), 1.31-1.41
(m, 7H), 1.71-1.79 (m, 4H), 2.79—2.99 (m, 7H), 3.05-3.21 (m,
2H), 3.39—3.48 (m, 2H), 3.69 (d, J = 5.5 Hz, 1H), 4.10 (dd, J
= 11.1, 5.9 Hz, 1H), 5.12 (dd, J = 9.3, 5.8 Hz, 1H), 7.26—7.38
(m, 5H); 13C NMR (75 MHz, MeOH-d) 6 12.0, 15.3, 25.4, 27.5,
27.6, 27.9, 28.0, 28.8, 28.9, 30.7, 32.3, 34.6, 38.1, 39.8, 41.0,
45.2,50.8, 52.1, 52.8, 53.7, 54.2, 59.4, 61.3, 67.8, 128.7, 130.2,
130.3, 130.8, 131.1, 138.0, 138.2, 163.4, 169.5, 172.7, 190.3,
204.6; HRMS—FAB (M + H*) caled for CogHy3N4O3S 491.3056,
found 491.3067.

Inhibitor 2B. Inhibitor 2B was prepared from compound
16B (240 mg, 0.32 mmol) and 1 mL of the TFA solution
specified in the synthesis of 2A. The crude product was purified
by RPHPLC (0—-50% MeCN/H;O over 45 min) to afford
inhibitor 2B (21 mg, 0.030 mmol, 9%). 'H NMR (300 MHz,
MeOH-dy) 6 0.52—0.82 (m, 7H), 1.06—1.12 (m, 1H), 1.19-1.36
(m, 5H), 1.49—1.64 (m, 5H), 2.64—2.85 (m, 6H), 2.91-2.98 (m,
1H), 3.08 (dd, J = 14.5, 4.6 Hz, 1H), 4.93 (dd, J = 10.2, 4.6
Hz, 1H), 7.00—7.24 (m, 5H); 13C NMR (75 MHz, MeOH-d,) 0
12.1, 15.2, 25.4, 27.6, 28.9, 31.0, 32.6, 38.2, 39.1, 41.0, 45.3,
50.8, 52.9, 59.4, 68.1, 128.6, 130.1, 130.5, 130.7, 138.5, 169.6,
173.1, 204.0; HRMS-ESI (M + H*) caled for CsHy3sN4O3S
491.3056, found 491.3065.

Inhibitor 8A. Compound 17A (53 mg, 0.10 mmol) was
dissolved in 1 mL of a solution containing 92.5% TFA, 2.5%
TIS, 2.5% H;0, and 2.5% thioanisole. After 1 h the TFA was
removed under reduced pressure. The crude mixture was
purified by flash chromatography (10:89:1 MeOH/CH:Cly/
concentrated NH4OH) before the final purification was per-
formed using RPHPLC (0—-100% MeCN/H20 over 45 min)
affording the inhibitor 3A (17 mg, 0.03 mmol, 34%). In MeOH-
d4 solution, the inhibitor is visible as an approximate 1:1
mixture of hemiketal and ketone: *H NMR (400 MHz, MeOH-
dg) 6 0.70—0.78 (m, 7H), 1.15 (m, 1H), 1.65 (m, 1H), 1.83 (m,
0.5H), 1.99 (m, 0.5H), 2.17 (m, 0.5H), 2.38 (m, 0.5H), 2.59—
3.00 (m, 5H), 3.13 (ddd, J = 13.2, 5.6, 2.8 Hz, 0.5H), 3.28 (m,
0.5H), 3.67 (m, 1H), 4.13 (m, 0.5H), 4.72 (dd, J = 11.6, 4.8 Hz,
0.5H), 4.82 (dd, J = 11.2, 7.2 Hz, 0.5H), 7.23-17.35 (m, 5H);
13C NMR (100 MHz, MeOH-d,) 6 10.7, 13.6, 24.0, 24.7, 25.0,
25.1, 30.45, 30.49, 34.7, 35.2, 36.7, 37.8, 38.0, 44.4, 64.99, 55.02,
58.00, 58.03, 59.8, 95.5, 96.2, 115.5 (q, J = 284 Hz), 160.3 (q,
J =34 Hz), 168.3, 168.4, 172.4, 172.68, 172.71, 204.4; HRMS—
FAB (M + Na*) caled for CyoH3oN3NaO3sS 414.1827, found
414.1823.

Inhibitor 3B. Inhibitor 8B was prepared from compound
17B (60 mg, 0.11 mmol) and 1 mL of the TFA solution specified
in the synthesis of 8A. The crude product was purified by
RPHPLC (0—100% MeCN/H20 over 45 min) to afford inhibitor
3B (45 mg, 0.090 mmol, 82%). In MeOH-d4 solution, the
inhibitor is visible as an approximate 1:1 mixture of hemiketal
and ketone: 'H NMR (400 MHz, MeOH-d4) 6 0.58—1.05 (m,
7H), 1.16—1.40 (m, 1H), 1.65—1.81 (m, 1H), 1.94—2.14 (m, 1H),
2.39-3.05 (m, 6H), 3.15—3.23 (m, 1H), 3.69 (d, J = 5.2 Hz,
1H), 4.05-4.11 (m, 0.5H), 4.67 (dd, J = 11.5, 5.3 Hz, 0.5H),
4.73 (dd, J = 10.1, 5.8 Hz, 0.5H), 4.84 (dd, J = 10.2, 5.2 Hz,
0.5H), 7.22—17.32 (m, 5H); 1*C NMR (75 MHz, MeOH-d,) 6 14.2,
14.3, 27.7, 27.8, 28.5, 33.8, 34.0, 38.1, 38.8, 40.30, 40.33, 41 .4,
41.7,48.0, 58.5, 59.0, 61.5, 61.7, 63.6, 99.2, 130.6, 130.7, 132.2,
132.8, 140.6, 140.8, 172.0, 172 4, 175.6, 176.1, 207.9; HRMS—
FAB (M + Na*) caled for CooH2oN3NaO3S 414.1827, found
414.1834.

Secondary Amine 19. Compound 19 was prepared from
18 (3.8 mL, 33.5 mmol), compound 10 (6.6 g, 30.5 mmol), and
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sodium triacetoxyborohydride (3.7 g, 17.5 mmol) in 20 mL of
DCE using the method described for the synthesis of 11. The
crude material was purified by flash chromatography (2:1:7
EtOAc¢/MeOH/Et,0) to afford the secondary amine 19 (1.3 g,
4.4 mmol, 25%): 'H NMR (300 MHz, CDCls) 6 0.96—1.47 (m,
23H), 1.57—1.73 (m, 3H), 1.84 (m, 2H), 2.32—2.42 (m, 1H), 2.58
(t,J = 7.1 Hz, 2H), 3.07 (q, J = 6.5 Hz, 2H), 4.60 (bs, 1H); 13C
NMR (75 MHz, CDCl3) 6 25.5, 26.6, 27.1, 27.5, 28.5, 30.4, 30.8,
34.0,40.7,47.3,57.3, 79.3, 156.4; HRMS—FAB (M + Na*) caled
for C17H34N2NaO, 321.2518, found 321.2522.

Primary Amine 20. A solution of Fmoc-Phe-F (5 g, 13.2
mmol), DIEA (2.3 mL, 13.2 mmol), and the secondary amine
19 (1.3 g, 4.4 mmol) in 100 mL of CH,Cl; was heated at reflux
for 18 h. The mixture was then diluted with 100 mL of EtOAc
and washed with 100 mL each of 1 N NaOH, 1 N HC], and
saturated NaHCOj solution. The resultant organic layer was
dried over MgSOy and concentrated. The crude material was
purified by flash chromatography (1:1 EtOAc/hexanes) which
provided a mixture of Fmoc-Phe and the expected coupling
product. The mixture was dissolved in 85 mL of DMF, and
piperidine (2.2 mL, 22 mmol) was added. After 15 min the
solution was partitioned between 150 mL of EtOAc and 150
mL of Hz0. The organic layer was dried over MgSO4 and
concentrated. The crude material was purified by flash chro-
matography (2% MeOH/CH,Cl,) to afford the primary amine
20 as a mixture of two conformational isomers that intercon-
vert slowly on the NMR time scale (1.3 g, 2.9 mmol, 66%): 'H
NMR (300 MHz, CDCl;) 6 1.02—1.74 (m, 27H), 2.65—3.34 (i,
6H), 3.67 (t,J = 7.0 Hz, 0.5H), 3.89 (t, J = 7.0 Hz, 0.5H), 4.22
(m, 0.5H), 4.67 (m, 0.5H), 7.16—7.83 (m, 5H); *C NMR (75
MHz, CDCl;) é 25.6, 25.9, 26.3, 26.4, 26.7, 26.8, 27.4, 28.8,
29.7, 30.4, 30.9, 31.2, 81.7, 32.1, 32.6, 42.7, 43.9, 53.3, 54.2,
54.4,57.1,127.0,128.8,128.9, 129.1, 129.7, 138.3, 156.4, 174.5;
HRMS—-FAB (M + Na*) caled for CzHy3NaNaO; 468.3202,
found 468.3216.

Boc Dipeptide 21. Compound 21 was prepared from 20
(1.3 g, 2.9 mmol), HOBT (0.39 g, 2.9 mmol), EDC (0.73 g, 3.8
mmol), Boc-n-Ile (0.68 g, 2.9 mmol), and 4-methylmorpholine
(0.66 g, 6 mmol) in 75 mL of DMF using the method described
for the synthesis of 16A. The crude material was purified by
flash chromatography (4:1 EtOAc/hexanes) to afford Boc
dipeptide 21 (1.7 g, 2.6 mmol, 91%): 'H NMR (300 MHz,
CDCl) 6 0.76—0.82 (m, 7H), 0.94—1.77 (m, 36H), 2.60—3.29
(m, 6H), 4.00—4.12 (m, 2H), 4.69—5.53 (m, 3H), 7.07—-7.28 (m,
5H); 13C NMR (75 MHz, CDCl3) 6 11.9, 15.8, 24.87, 24.94, 25.5,
26.0, 26.1, 26.8, 27.3, 28.7, 28.79, 28.81, 30.3, 31.0, 31.4, 40.4,
40.5,42.7,50.5,54.6, 57.4, 59.5, 79.8, 127.2, 128.8, 129.8, 129.9,
136.8, 137.0, 155.9, 170.7, 171.0, 171.3; HRMS—-FAB (M +
Na*) caled for C3;HgaNsNaOg 681.4567, found 681.4550.

Amine 22. The Boc dipeptide 21 (180 mg, 0.27 mmol) was
dissolved in 1 mL of CH:Cl; before 1 mL of a solution
containing 95% TFA, 2.5% TIS, and 2.5% ethanedithiol was
added. After 30 min the solvent was removed under vacuum.
The crude product was purified by flash chromatography (10:
89:1 MeOH/CH;Cly/concentrated aqueous NH;OH) to afford
amine 22 (0.11 g, 0.16 mmol, 59%): 'H NMR (300 MHz, CDCl3)
6 0.83-0.92 (m, 6H), 1.00—1.20 (m, 3H), 1.33—-1.87 (m, 19H),
2.89-3.12 (m, 5H), 3.24—3.34 (m, 3H), 3.38 (m, 0.5H), 3.68
(dd, J = 8.3, 5.7 Hz, 1H), 3.94—4.18 (m, 1H), 5.15 (t, J = 7.7
Hz, 1H), 7.23-7.35 (m, 5H); 1*C NMR (75 MHz, CDCls) 6 10.67,
10.69, 13.9, 14.0, 24.1, 25.2, 25.5, 25.8, 25.9, 26.0, 26.1, 26.2,
26.4, 26.8, 27.4, 27.5, 29.1, 30.6, 31.0, 31.2, 31.5, 37.0, 38.4,
38.9, 39.58, 39.63, 42.5, 43.9, 51.3, 52.2, 55.5, 58.0, 116.0 (g, J
= 293 Hz), 127.1, 127.22, 127.24, 128.6, 128.7, 128.8, 129.4,
129.5, 129.6, 136.8, 137.0, 162.1 (q, J = 34 Hz), 168.6, 168.7,
171.6, 171.9; HRMS—FAB (M + Na™) calcd for Co7HyNsNaO,
481.3519, found 481.3523.

Enzyme Assays. The amidolytic activity of plasmin, throm-
bin, kallikrein, and trypsin was determined using chromogenic
substrates D-Val-Leu-Lys-pNA, H-p-Phe-Pip-Arg-pNA, H-p-
Pro-Phe-Arg-pNA, and H-D-Phe-Pip-Arg-pNA, respectively.?
Enzymes and substrates were used as received from Sigma-
Aldrich or Chromogenix (distributor: DiaPharma Group, Inc.)
without further purification. Reaction progress was monitored
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on a Perkin-Elmer 8452A diode array UV—vis spectrometer.
All enzymes were assayed at 25 °C in 50 mM sodium
phosphate buffer (pH 7.4) with or without inhibitor. Due to
solubility, inhibitors 2 and 3 were assayed in a solution with
a final concentration of 10% DMSO. Initial rates were deter-
mined by monitoring the change in absorbance at 404 nm from
60 to 120 s after mixing. None of the inhibitors showed
evidence of slow binding behavior. Inhibitor 2A was subjected
to full kinetic analysis against plasmin. For each inhibitor
concentration examined (2A: 0, 8.6, 43, 86, 170, 260 uM) five
substrate concentrations were used (75, 150, 300, 600, 1200
uM) with at least two independent determinations at each
concentration. K; values were determined by nonlinear fit to
the Michaelis—Menten equation for competitive inhibition
using simple weighing. Competitive inhibition was confirmed
by Lineweaver—Burk analysis using simple statistical weigh-
ing to the linear fit of 1/v vs V[S]. For the less potent
compounds (1, 2B, 3A, 3B) a substrate concentration of 300
#M was monitored with six different inhibitor concentrations
(1: 0, 110, 210, 430, 860, 1700 uM; 2B: 0, 110, 230, 460, 690,
920 uM; 3A: 0,0.8,1.6,2.4,3.1,3.9mM; 3B: 0,0.9,1.8,2.7,
3.6, 4.5 mM). For inhibitor 2A assayed against thrombin (Thr),
kallikrein (Kal), and trypsin (Try), a single substrate concen-
tration (Thr: 50 uM; Kal: 100 uM; Try: 50 #M) was monitored
with six different inhibitor concentrations (Thr: 0, 26, 53, 79,
110, 160 4M; Kal: 0, 48, 96, 144, 190, 240 uM; Try: 0, 26, 53,
79, 110, 160 uM). Competitive inhibition was assumed, and
K; values were calculated using a Dixon analysis. Data analysis
was performed with the commercial graphing package Grafit
(Erithacus Software Ltd.). Ky, values for the substrates were
determined both with and without 10% DMSO (without
DMSO: plasmin 220 M, Thr 10 M, Kal 117 uM, Try 42 uM;
with DMSO: plasmin 370 uM, Thr 22 M, Kal 63 uM, Try 50
uM).
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A combinatorial library of 400 inhibitors has been synthesized and screened against several
serine and cysteine proteases including plasmin, cathepsin B, and papain. The inhibitors are
based upon a cyclohexanone nucleus and are designed to probe binding interactions in the S2
and S2’ binding sites. This methodology has led to the discovery of inhibitor 15A, which
incorporates Trp at both the P2 and P2’ positions and has an inhibition constant against plasmin
of 5 uM. Data from screening of the library shows that plasmin has a strong specificity for Trp
at the S2 subsite and prefers to bind hydrophobic and aromatic amino acids such as Ile, Phe,
Trp, and Tyr at the S2’ subsite. In contrast, the S2 subsites of cathepsin B and papain do not

show a strong preference for any particular amino acid.

Introduction

Combinatorial chemistry has emerged as a powerful
method for generating lead compounds for drug discov-
ery and for optimizing the biological activity of those
leads.! This technique has been used to develop new
ligands for a variety of biological targets including
proteases, kinases, various receptors, and antibodies,
among others. Proteases are particularly interesting
targets because they are involved with a wide variety
of important diseases that include AIDS, cancer, and
malaria. Many of the libraries that have been generated
for screening against proteases incorporate a chemical
functionality that mimics the tetrahedral intermediate
that occurs during enzyme-catalyzed peptide hydrolysis.
For example, phosphonic acids have been screened
against the metalloprotease thermolysin,? and statine,3
(hydroxyethyl)amine,* and diamino diol® isosteres have
been used to synthesize libraries against the aspartic
protease HIV protease. In addition, a peptide aldehyde
library has been targeted against the cysteine protease
interleukin-18 converting enzyme.5

We have recently designed a new class of inhibitors
for serine and cysteine proteases that are based upon a
4-heterocyclohexanone pharmacophore.”8 These inhibi-
tors react with the enzyme active site nucleophile to
generate a reversibly formed hemiketal or hemithioketal
adduct that also mimics the tetrahedral intermediate.®
One attractive feature of the 4-heterocyclohexanone-
based inhibitors is that they can be derivatized in two
directions, allowing them to make contacts with both
the S and S’ subsites.10-12 Thus, the 4-heterocyclohex-
anone pharmacophore, with its bidirectional nature, can
easily be incorporated into a combinatorial synthesis of
inhibitors. In this paper we describe the synthesis and
screening of a 400-membered library of inhibitors that
are based upon a cyclohexanone nucleus (Figure 1). The
Xqa position in compound 1 is designed to fit into the
S2 specificity pocket, the Ya, position will fit into the
S2’ site, and the carbonyl moiety of the cyclohexanone
ring is designed to react with the active site nucleophile
to give a reversibly formed covalent adduct.

Xa H O 0 Ya

'ﬂ)\r“‘é’\*v’kow
H O H

1

Figure 1. General structure of the compounds that are
present in the 400-member combinatorial library of inhibitors.
Xaa and Ya. are each one of 20 different amino acids.

Cbz

This work has three objectives. First, we demonstrate
that the cyclohexanone nucleus can be a useful platform
for developing protease inhibitors that interact with
both the S and S’ binding sites using combinatorial
chemistry. Second, the library is screened against
several medicinally relevant serine and cysteine pro-
teases in order to discover potential leads. Third, we
explore the S2’ specificity of these proteases. For many
of these enzymes the specificity of this site has not been
well defined.

Results and Discussion

Design and Synthesis of the Library. Before we
began constructing the library, we needed to devise an
efficient synthesis of a building block such as compound
4 (Scheme 1). This molecule incorporates the cyclohex-
anone nucleus, is amenable to solid-phase peptide
synthesis, and carries the ketone functionality in a
suitably protected form. We have reported previously
that compound 2 can be converted to 4 by oxidative
cleavage of the double bond and replacement of the Boc
protecting group with Fmoc.1® However, we have found
that on larger scale, reaction of the amino acid with
Fmoc chloride or Fmoc N-hydroxysuccinimide ester
under a variety of conditions gave relatively low and
inconsistent yields of 4. This problem can be circum-
vented by switching the protecting groups first and then
oxidizing the alkene to the acid as shown in Scheme 1.
Compound 4 is a mixture of two diastereomers, each of
which has the substituents on the cyclohexanone ring
in the 2,6-cis configuration.l?

We have chosen the “split synthesis” strategy, first
described by Furka,!3 for constructing the library and

10.1021/jm990272g CCC: $18.00 © 1999 American Chemical Society
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Figure 2. Schematic diagram of the deconvolution strategy
used in the synthesis and screening of the combinatorial
library of protease inhibitors. A—D correspond to four different
amino acids. In the actual library 20 amino acids were used,
but the figure has been limited to 4 amino acids for the sake
of clarity. Inh represents the cyclohexanone pharmacophore,
and TFA is F;:CCO.H.

the iterative deconvolution strategy, developed by
Houghten, for assaying its biological activity.l* These
techniques, as applied to the cyclohexanone-based in-
hibitor library, are outlined in Figure 2. Synthesis of
the library began with 20 batches of peptide synthesis
resin, each with a different amino acid attached. The
resin was mixed and then split into 20 pools that
contained a mixture of all 20 amino acids. The inhibitor

Abato et al.

Scheme 2°¢
Y
Froex /!m o, &b
N ﬁ’ Y, P2 A
e
5

,ﬁrvf’f}& S
oy M A A de
A ACRE S Tl

@ Reagents: (a) piperidine, DMF; (b) 4, HBTU, DIEA; (c) Cbz-
Xa2-OH, HBTU, DIEA; (d) TFA; (e) TFA, H30. One of two
diastereomers is shown.

core was attached to all of the pools, followed by a second
amino acid, each pool receiving a different amino acid.
Finally, the inhibitors were cleaved from the beads, and
the protecting groups were removed. This resulted in
20 pools of inhibitors, each containing 20 different
compounds. The inhibitors in an individual pool all have
the same amino acid on their N-terminus, but a mixture
of the 20 different amino acids on the C-terminus. The
pools were assayed for inhibitory activity, and one or
several of the pools which showed the highest activity
were for chosen for deconvolution.

The second round of synthesis again began with 20
pools of resin, each with a different amino acid attached.
These were coupled to the inhibitor core; then every
compound was coupled to the N-terminal amino acid
that corresponded to the pool from the first round of
synthesis that was chosen for deconvolution. After
cleavage from the solid support and removal of the
protecting groups, these pools were assayed to deter-
mine which amino acid was optimal for the C-terminal
side of the inhibitor. Although the iterative deconvolu-
tion strategy does not always result in identification of
the best inhibitor in the library,® it is a straightforward
and reliable method for determining the structure of
molecules that have high activity compared to the other
members of the library.

The details of the solid-phase synthesis are shown in
Scheme 2. Resin was purchased preloaded with the
Fmoc-protected amino acids. The N-terminus was depro-
tected with piperidine and then coupled to inhibitor core
4 using HBTU to give 6. Piperidine deprotection fol-
lowed by coupling to an N-Cbz amino acid gave com-
pound 7. The side chains of the amino acids were then
deprotected using TFA, which also released the inhibi-
tors from the solid support. Finally, the ketal protecting
group was removed by adding HyO to the cleavage
cocktail from the previous reaction and allowing the
solution to stand at room temperature overnight. Using
this same chemistry, we have reported previously the
solid-phase synthesis of an N-acetylated inhibitor that
contained Orn and Pro at the X,, and Y,, positions,
respectively.l® This inhibitor was fully characterized,
and the overall yield of the isolated and HPLC-purified
compound was 50%.

Eighteen of the 20 common amino acids were incor-
porated into the library. Cysteine and methionine were
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omitted to avoid problems associated with sulfur oxida-
tion, and they were replaced with hydroxyproline (Hyp)
and ornithine (Orn).

Assay of the Library. The initial library of inhibi-
tors was assayed against five proteases: cathepsin B,
plasmin, urokinase, kallikrein, and papain. The first
four of these enzymes have all been implicated in the
progression of cancer.!®> These enzymes promote the
processes of angiogenesis and metastasis, either directly
by degrading components of the basement membrane
which surround blood vessels or indirectly by activating
other proteases which in turn attack the basement
membrane.l® Compounds which inhibit these proteases
may have potential as anticancer chemotherapeutic
agents.l? Papain was chosen as a control protease since
it is well-established that this enzyme prefers aromatic
amino acids such as phenylalanine at the P2 position.18
Thus we expected that in the screening of the initial
library against papain, the pools which incorporated
aromatic amino acids at the X,, position would show
good activity against this protease.

Figure 3 shows the results of the solution-phase
assays of the library against plasmin, cathepsin B, and
papain. The assays were performed using p-nitroanilide
substrates and were monitored by UV spectroscopy. A
single concentration of the inhibitors was used, and the
runs were performed in duplicate or triplicate. The
concentration of each individual inhibitor in these
assays was 50 uM, giving a total inhibitor concentration
for all 20 inhibitors in each pool of 1 mM. The inhibitors
in several of the pools were not soluble at this concen-
tration, so the assays were performed in more dilute
solution as noted in the captions to Figures 3, 5, and 6.

For papain the three best pools of inhibitors incorpo-
rate Phe, Trp, and Tyr at the X,, position as expected,
based upon the known specificity of the S2 subsite of
this protease.’® We infer from these results that for
papain, the inhibitors are binding in the active site in
the anticipated manner with X,, in the S2 subsite.

Cathepsin B displays relatively small differences in
activity between the various pools, with most showing
between 10% and 30% inhibition. Ile and Leu are the
only pools that show significantly better activity. These
data are consistent with information from previous
inhibition studies, which suggest that cathepsin B
prefers hydrophobic amino acids such as Leu, Ile, and
Phe at the P2 position.18

Unlike papain and cathepsin B, plasmin shows very
high selectivity for one particular pool within the
library. This pool contains Trp at the X,, position. Thus
plasmin prefers the extended aromatic side chain of Trp
at the P2 position to the exclusion of all other amino
acids, including those with smaller aromatic groups
such as Phe and Tyr and those with simple hydrophobic
side chains such as Ile and Leu. The X-ray crystal
structure of the active site portion of plasmin has not
been reported. However it will be interesting to see, once
the structure has been solved, if this selectivity is caused
by specific aromatic stacking interactions between the
inhibitor and aromatic side chains in the S2 subsite.
Alternately, S2 could comprise a simple hydrophobic
pocket that has good shape complementarity to ex-
tended aromatic rings, or there may be a specific
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Figure 8. Assay of 20 pools of 20 compounds each against
plasmin, cathepsin B, and papain. Each pool contains com-
pounds in which the X, position is defined by the amino acids
on the x-axes of the graphs, and Y., is a mixture of all 20 amino
acids. The error in these measurements is approximately +5%.
For cathepsin B the pools in which X,, = Phe and Tyr were
assayed at 1/2 concentration and for X.. = Trp at 1/4
concentration, compared to the other pools in the library due
to low solubility of the inhibitors in the assay solution.

hydrogen-bonding interaction that occurs with the N-H
functionality of Trp.

We have also assayed the inhibitor library against
urokinase and kallikrein. With these two proteases only
low levels of inhibition were observed, and the variations
between the pools were similar to the approximate +5%
error in the assays (data not shown). There are several
possible explanations for this lack of inhibition. First,
the structure or conformation of the inhibitors in the
library may not be sterically compatible with the active
sites of kallikrein and urokinase. Second, the inhibitors
may bind to the enzyme through weak noncovalent
interactions but not react with the active site nucleo-
phile to give the reversibly formed covalent adduct. In
the 4-heterocyclohexanone series of inhibitors, such
compounds have inhibition constants in the millimolar
range against papain. Thus inhibitors of this type are
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Figure 4. Assay of the Trp deconvolution against plasmin.
Each bar represents the assay of one compound which has Trp
at the X,, position and an amino acid at the Y, position that
is indicated by the x-axis of the graph.

not likely to give significant activity under our assay
conditions.”?

On the basis of the results of the initial assays, we
chose several pools for deconvolution. For plasmin, only
the Trp pool was worth exploring further. For cathepsin
B, we chose to deconvolute the Ile pool and the three
pools that had aromatic amino acids at the X, position,
Phe, Trp, and Tyr. The later three pools had activities
comparable to that of several other pools in the library,
but they were assayed at lower concentrations and thus
should contain better inhibitors on average when com-
pared to the other pools. For papain, the Phe and Trp
pools showed the best activity and were thus chosen for
deconvolution.

The results from the assays of the deconvolutions are
shown in Figures 4—6. Plasmin (Figure 4) clearly
prefers hydrophobic amino acids at the Y,, position of
these inhibitors, with Ile, Phe, Trp, and Tyr showing
significantly higher activities than the other compounds
in the deconvolution. Of the three enzymes, plasmin
again shows the largest variation in activity among the
20 pools of the library.

Cathepsin B displays limited variations in activity
among the four different deconvolutions, as shown in
Figure 5. In general, we observe that this protease has
a small preference for amino acids such as Arg, Gin,
His, Ile, Leu, Phe, and Trp at the Y,, position of the
inhibitors. In addition, the inhibitors with Gly, Hyp, and
Ser at this position all have low activity.

One of the assumptions that we make in using the
iterative deconvolution strategy is that binding interac-
tions at one part of the inhibitor do not significantly
perturb binding at another part. If this assumption were
strictly true, then binding of the inhibitors to the S2
and S2’ subsites should be completely decoupled from
one other, with the result that all four of the deconvo-
lutions in Figure 5 would have identical binding profiles
and differ only in magnitude. For cathepsin B, this does
not appear to be the case. However, on the basis of the
combined data from the four deconvolutions, we con-
clude that this protease has a limited preference for
hydrophobic amino acids at the S2’ subsite. When a
binding site has low specificity as we observed for the
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Figure 5. Assay of the Ile, Tyr, and Phe deconvolutions
against cathepsin B. Several of the assays were performed at
1/2 or 1/4 concentration as noted on the x-axes.

S2’ site of cathepsin B, the specificity of the site only
becomes visible by comparing the results of multiple
deconvolutions and is not easily apparent from a single
deconvolution.

For papain, hydrophobic amino acids including Ile,
Leu, Phe, Trp, and Tyr are preferred at the Y, position
of the inhibitors. In addition, when X,, = Trp, residues
such as Glu, Pro, and Val at the Y,, position have good
activity. For this protease, comparison of the deconvo-
lutions shown in Figure 6 indicates that the specificity
patterns at the Y,, positions for the two sets of inhibitors
have some similarity. This similarity suggests that
binding interactions at the P2’ position are not signifi-
cantly perturbed by differences that may occur when
Phe or Trp is present at P2.

Resynthesis and Evaluation of Inhibitors 15—
18. After evaluating all of the data from the assays of
the combinatorial library, we have chosen to resynthe-
size four of the inhibitors (15—18, Scheme 3) using
solution-phase methods and to examine the biological
activity of these compounds in greater detail. The four
inhibitors were selected based upon a combination of
their activity against the individual proteases and the
presence of overlapping activity among the three en-
zymes. The solution-phase synthesis of inhibitors 15—
18, shown in Scheme 3, follows closely the solid-phase
synthesis that was used to construct the library. The
only significant differences in the solution-phase chem-
istry were that Boc protecting groups were used for
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Figure 6. Assay of the Phe and Trp deconvolutions against
papain. Several of the assays were performed at 1/2 or 1/4
concentration as noted on the x-axes.
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15 Xga =Trp, Yau =Trp
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18 Xy, = Phe, Y53 =Phe
< Reagents: (a) HBTU, DIEA; (b) TFA; (¢) Cbz-X,,-OH where
Xaa = Trp and Phe, HBTU, DIEA; (d) LiOH; (e) TFA, H20. One of
two diastereomers is shown.

amines and the C-termini of the inhibitors were pro-
tected as methyl esters. The esters were removed using
basic hydrolysis near the end of the synthesis.
Compounds 15-18 were assayed against plasmin,
cathepsin B, and papain, and the resulting inhibition
data are shown in Table 1. Compound 18 has low
activity against cathepsin B, with a Kj value of 1.1 mM.
This result is expected based upon the low activity of
the compound during the library screening (Figure 5).
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Table 1. Inhibition of Proteases by Inhibitors 15—18

K; (uM)
compd® Xaa Yaa plasmin papain  cathepsin B
15A Trp Trp 5+06  380° %60
15B 10+ 2
16A Trp Phe 100 + 20 25008 4 80
16B 150 £ 25
17° Phe Trp 420 + 40 490 + 70
18° Phe Phe 300044 1000 870£90 1100 % 200

@ A and B represent two different diastereomers. b Assayed as
a mixture of two diastereomers.

Compounds 15—18 all have moderate activity against
papain with inhibition constants that range from 250
to 870 uM. These values are also consistent with the
assays of the library against papain (Figure 6).

Compounds 17 and 18, both of which have Phe at the
Xaa position, are expected to be weak inhibitors of
plasmin as indicated by the low activity of the X,y =
Phe pool against this protease (Figure 3). Analysis of
the inhibitors that have been resynthesized by solution-
phase methods gives inhibition constants of 420 and
3000 uM, respectively, for these two compounds. In
contrast inhibitors 15 and 16, which have Trp at the
Xaa position, should have good activity against plasmin
as indicated by the data in Figure 4. We have used
HPLC to separate the two diastereomers of each of these
compounds, although we have not determined their
absolute configurations. Compounds 16A,B have K;
values of 100 and 150 M, while compounds 15A,B have
values of 5 and 10 uM, respectively. These results
demonstrate that we have been able to generate an
inhibitor with good activity against plasmin, such as
15A, by synthesizing a combinatorial library of inhibi-
tors around a cyclohexanone nucleus that take advan-
tage of binding interactions in both the S2 and S2
subsites.

We have recently reported the synthesis and evalu-
ation of a “rationally designed” inhibitor of plasmin that
is based upon a tetrahydrothiopyranone ring system.1?
This inhibitor incorporates an aminoalkyl side chain at
the P1 position that is designed to interact with an
aspartic acid residue at the base of the 51 subsite.
Plasmin is specific for substrates that have a positively
charged amino acid at the P1 position, and interactions
with the S1 subsite are critical for recognition and
binding of both substrates and inhibitors.2® In the
tetrahydrothiopyranone-based inhibitors, we have found
that if the aminoalkyl side chain at the P1 position is
removed, there is a 200—300-fold decrease in potency.®
In light of these observations, it is interesting to note
that compound 15A has significant affinity for plasmin
with an inhibition constant of 5 uM, although it does
not incorporate a positively charged P1-like side chain.

Using the combinatorial library described in this
paper, we have discovered 15A as a potential lead
compound for developing high-affinity inhibitors of
plasmin. Two modifications to the structure of 15A are
likely to increase its potency. First, we can incorporate
an aminoalkyl side chain that is positioned to bind in
the S1 subsite. The amide nitrogen at the 2-position of
the cyclohexanone ring should be an appropriate place
to attach such functionality.!® Second, we can substitute
the methylene group at the 4-position of the cyclohex-
anone ring with an electronegative functionality such
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as S, O, or SO,. This electronegative functionality will
increase the electrophilicity of the ketone by inducing
an unfavorable through-space electrostatic repulsion
between the electronegative group and the dipole of the
ketone.” We have demonstrated previously that there
is a good correlation between ketone electrophilicity and
inhibition constants in 4-heterocyclohexanone-based
inhibitors.”

Conclusions

In this paper we have described the construction and
screening of a combinatorial library of protease inhibi-
tors that extend into both the S and S’ specificity sites.
Using this method we have found an inhibitor that has
significant affinity for the serine protease plasmin. In
addition, this work has shown that combinatorial chem-
istry is an efficient method for probing the specificity
of the S2’ subsite. Currently there is little information
available concerning the binding specificity of this
position for many proteases.

Our data have shown that for plasmin, the S2’ subsite
prefers to bind hydrophobic and especially aromatic
amino acids. Furthermore, binding of such hydrophobic
residues in this site significantly increases the affinity
of the inhibitor for the enzyme. On the other hand, the
S2’ subsites of cathepsin B and papain do not appear
to have strong preferences for any particular amino acid,
and binding in this position leads to only incremental
increases in affinity. Concerning the S2 subsites, the
data that we have presented are consistent with the
known specificity of cathepsin B and papain, which
prefer hydrophobic amino acids at this position.1® For
plasmin, it has been believed that Phe binds well in the
S2 subsite. However our results show that Trp, with
its larger aromatic surface and potential for hydrogen
bonding, provides up to an 80-fold increase in affinity
when compared to Phe. Clearly, combinatorial chemis-
try has provided useful information concerning the
binding interactions at the S2 and S2’ subsites of several
proteases. A similar approach should be equally ame-
nable to exploring the specificities of the other leaving
group subsites and for incorporating nonpeptidic fune-
tionality into the inhibitors.

Experimental Section

General Methods. NMR spectra were recorded on Bruker
Avance-300 or Avance-400 instruments. Spectra were cali-
brated using TMS (6 = 0.00 ppm) for 'H NMR. Mass spectra
were recorded on a Kratos MS 80 under fast-atom bombard-
ment (FAB) conditions or were performed using electrospray
ionization at the Harvard University Chemistry Department
Mass Spectrometry Facility. HPLC analyses were performed
on a Rainin HPLC system with Rainin Microsorb silica or C18
columns and UV detection. Semipreparative HPLC was per-
formed on the same system using semipreparative columns
(21.4 x 250 mm). UV spectra were recorded on a Perkin-Elmer
8452A diode array UV—vis spectrophotometer.

Reactions were conducted under an atmosphere of dry
nitrogen in oven-dried glassware. Anhydrous procedures were
conducted using standard syringe and cannula transfer tech-
niques. THF and toluene were distilled from sodium and
benzophenone. Piperidine was distilled from KOH. Other
solvents were of reagent grade and were stored over 4 A
molecular sieves. All other reagents were used as received.
Organic solutions were dried over MgSO4 unless otherwise
noted. Solvent removal was performed by rotary evaporation
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at water aspirator pressure. Wang resins that were prederiva-
tized with Fmoc amino acids were purchased from Calbiochem-
Novabiochem Corp. Amino acids and their side chain protect-
ing groups were used as follows: Ala, Arg(PMC), Asn(Trt),
Asp(t-Bu), GIn(Trt), Glu(z-Bu), Gly, His(Trt), Hyp(t-Bu), Ile,
Leu, Lys(Boc), Orn(Boc), Phe, Pro, Ser(t-Bu), Thr(¢-Bu), Trp-
(Boc), Tyr(t-Bu), and Val.

Synthesis ‘of the Library. Dry Wang resin that was
prederivatized with the 20 Fmoc amino acids (0.2 mmol each)
was combined in a flask and shaken with 125 mL of methylene
chloride. The solvent was removed; the beads were dried under
vacuum and then split into 20 even batches. The beads were
placed into 20 1- x 10-cm Econo-Columns (Biorad) which
served as synthesis vessels. The columns were fitted with
Teflon stopcocks and connected to a 24-port vacuum manifold
(Burdick and Jackson) that was used to drain solvents and
reagents from the columns. The resin in each column was
swelled in DMF; then the Fmoc protecting groups were
removed by treatment with 2 mL of a 1:1 solution of DMF and
piperidine for 10 min. After washing with 5 x 5 mL of DMF,
a positive Kaiser test indicated the presence of free amines
on the resin.

Coupling of Compound 4. To couple compound 4 to the
resin, a stock solution was prepared that contained compound
4 (5.6 g, 12 mmol, 3 equiv), HBTU (4.54 g, 12 mmol, 3 equiv),
diisopropylethylamine (DIEA; 2.76 mL, 16 mmol, 4 equiv), and
DMF solvent in a total volume of 40 mL. Aliquots (2 mL) of
this stock solution were added to each of the synthesis vessels
and the reactions were gently agitated for 1.5 h. A negative
Kaiser test indicated that the reaction had gone to completion.
The resin was washed with 5 x 5 mL of DMF; then any
unreacted amino groups were capped by treating the resin for
10 min with 2 mL of a freshly prepared stock solution that
contained acetic anhydride (1.5 mL, 20 mmol, 5 equiv), DIEA
(2.76 mL, 16 mmol, 4 equiv), and DMF in a total volume of 40
mL. After capping, the resin was then washed with 5 x 5 mL
of DMF, and the N-terminal Fmoc group was deprotected as
described above.

Coupling of the Second Amino Acid. To couple the
second amino acid to the resin, the 20 synthesis vessels were
treated with 3 equiv of an N-Cbz amino acid, each vessel
receiving a different amino acid. The reactions also contained
8 equiv of HBTU and 4 equiv of DIEA in 2 mL of DMF and
were agitated for 1.5 h. After the reactions were complete as
judged by a negative Kaiser test, the resin was washed with
5 x 5 mL of DMF, 5 x 10 mL of methylene chloride, and 5 x
10 mL of MeOH, and dried under vacuum overnight.

Cleavage from the Resin and Removal of Protecting
Groups. The inhibitors were cleaved from the resin and the
protecting groups on the amino acid side chains were removed
by treating each batch of resin with 3 mL of cleavage cocktail
for 2 h. The cleavage cocktail contained 95% TFA, 2.5% water,
and 2.5% triisopropylsilane. The solutions were filtered to
remove the resin, and the beads were washed with 3 x 1 mL
of fresh TFA. The ketal protecting groups on the cyclohexanone
rings were removed by adding 3 mL of water to the TFA
solutions from the previous reactions and agitating the solu-
tions for 30 h at room temperature. After the initial addition
of water to the TFA solutions, the reactions became cloudy.
However, after several hours at room temperature, the reac-
tions became homogeneous. After the reactions were complete,
the TFA and water were removed and the residual material
was dried at 0.02 mmHg for 48 h. The 20 batches of inhibitors
were each dissolved in 1 mL of DMSO, filtered, and stored in
a freezer at —48 °C. If a total yield of 50% is assumed for the
synthesis, then each inhibitor stock solution contained 20
different compounds, with a concentration of 5 mM for each
individual compound in the mixtures.

Deconvolution Syntheses. The solid-phase syntheses of
the various deconvolutions were performed using a similar
procedure as described above. The only changes that were
made were that the mix and split step at the beginning was
omitted and the syntheses were performed on a 0.04-mmol
scale per inhibitor.
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Papain Assays. Papain (EC 3.4.22.2; purchased from
Sigma) was assayed using L-BAPNA as the substrate, and the
reaction progress was monitored by UV spectroscopy.!2 Initial
rates were determined by monitoring the formation of p-
nitroaniline at 412 nm from 30 to 120 s after mixing. Assay
solutions contained 1.5 mM substrate, 5 mM EDTA, 5§ mM
cysteine, 50 mM sodium phosphate at pH 7.5, and 15% DMSO.
Assays of the initial library, which constituted 20 pools of
inhibitors with 20 compounds per pool, also contained a total
inhibitor concentration of 1 mM (50 uM of each individual
inhibitor) and were performed in triplicate. Assays of the
deconvolutions contained an inhibitor concentration of 200 M.
Assays of compounds 15—18 contained 1.7 mM substrate and
inhibitor concentrations that ranged from 2 to 500 #M. K;
values were calculated using a Dixon analysis. Data analysis
was performed with the commercial graphing package Grafit
(Erithacus Software Ltd.). The Ky, value under these conditions
was measure to be 6.8 mM. In the absence of DMSO, the K,
value has been reported as 3.2 mM in 100 mM phosphate
buffer at pH 7.5.2

Cathepsin B Assays. Cathepsin B (EC 3.4.22.1; purchased
from Sigma) was assayed using L-BAPNA as the substrate.??
Assay solutions contained 1.5 mM substrate, 1.5 mM EDTA,
3 mM DTT, 50 mM sodium phosphate buffer at pH 7.4, and
15% DMSO. Assays of compounds 1518 contained 0.7 mM
substrate. All other conditions were the same as indicated for
the assays of papain. The K, value under these conditions was
measure to be 3.3 mM. The K, value in the absence of DMSO
and in sodium acetate buffer at pH 5.1 is reported to be 1.3
mM.22

Plasmin Assays. Plasmin (EC 3.4.21.7; purchased from
Sigma) was assayed using D-Val-Leu-Lys-p-nitroanilide as
substrate.z? Assay solutions contained 250 uM substrate, 50
mM sodium phosphate buffer at pH 7.4, and 10% DMSO.
Assays of compounds 15—18 contained 180 uM substrate. All
other conditions were the same as indicated for the assays of
papain. The K, value under these conditions was measure to
be 180 uM. The Ky, value in the absence of DMSO and in Tris-
HCI buffer at pH 8.3 is reported to be 270 uM.%#

Fmoc Alkene 3. To a solution of 21° (9.9 g, 30.5 mmol) in
CH:Cl; (75 mL) was added TFA (25 mL) at 0 °C. The solution
was warmed to room temperature, stirred for 1 h, and
concentrated to remove the TFA. The resulting oil was
redissolved in 20 mL of CHyCl; and washed with saturated
Na;CO; and brine (200 mL). The solution was dried over
Na;COj and filtered, and then DIEA (6 mL) and FmocCl (7.89
g, 30.5 mmol) were added. This solution was stirred for 3 h,
then washed with 1 N HCl, saturated Na;COQ3, and brine, and
dried. The solution was then reduced to approximately 20 mL,
diluted with hexanes (200 mL), and placed in a refrigerator
overnight to allow crystallization. White crystals of 3 (9.22 g,
67%) were isolated by vacuum filtration and dried in vacuo:
1H NMR (400 MHz, CDCl3) 6 1.26—1.30 (m, 1H), 1.42—1.62
(br m, 7H), 1.62—1.90 (br m, 3H), 1.93-2.02 (m, 1H), 2.14—
2.23 (m, 1H), 3.85—-3.90 (m, 4H), 4.25-4.44 (m, 3H), 4.97—
5.07 (m, 2H), 5.15 (br s, 1H), 5.78—5.88 (m, 1H), 7.31 (t, J =
7.4 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.62 (t, J = 6.8 Hz, 2H),
7.76 (d, J = 7.5 Hz, 2H); 13C NMR (100 MHz, CDCl3) 6 14.1,
18.8, 22.6, 25.1, 28.8, 31.6, 31.8, 47.3, 58.8, 59.0, 66.5, 99.1,
114.8, 119.9, 125.1, 127.0, 127.6, 138.7, 141.3, 156.4; HRMS-
FAB (M + Na*) caled for CogH3sNNaO,s 470.2307, found
470.2322.

Fmoc Carboxylic Acid 4. To compound 3 (0.46 g, 1.1
mmol) were added 25 mL of 7:3 acetone/H;0, NalO4 (1.1 g,
5.2 mmol), KMnO, (32 mg, 0.20 mmol), and NaHCOj3 (0.10 g,
1.0 mmol) and the reaction was stirred at room temperature
for 7 h. The reaction was diluted with EtOAc (150 mL) and
washed with 100 mL of 1 N HCI and 100 mL of brine, and the
organic layer was dried over MgSOs. The crude material was
purified by flash chromatography (3:2 EtOAc/hexanes) to yield
compound 4 (308 mg, 0.66 mmol, 63%): 'H NMR (300 MHz,
CDCl;) 6 1.43—-1.71 (m, 10H), 2.07-2.12 (m, 3H), 2.35-2.53
(m, 2H), 3.91 (br s, 4H), 4.14—4.30 (m, 2H), 4.37—4.48 (m, 2H),
5.17 (br s, 1H), 7.31 (t, J = 7.4 Hz, 2H), 7.41 (t, J = 7.4 Hz,
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2H), 7.62 (m, 2H), 7.78 (4, J = 7.5 Hz, 2H); 13C NMR (100
MHz, CDCls) 6 18.8, 22.0, 25.0, 28.4, 32.1, 47.3, 59.0, 66.7,
98.8, 119.9, 125.1, 127.0 127.6, 141.8, 144.0, 156.5, 179.0;
HRMS-FAB (M + Na*) calcd for Co7Hs NNaOg 488.2049, found
488.2041.

Tryptophan Methyl Ester 9. To carboxylic acid 8 (250 mg,
0.73 mmol) were added H-Trp-OMe (250 mg, 0.87 mmol),
HBTU (898 mg, 0.88 mmol), and 2 mL of DMF, followed by
DIEA (0.40 mL, 1.75 mmol). The reaction was stirred for 3 h
at room temperature, then diluted with 50 mL of EtOAc. The
organic layer was washed with 35 mL of 1 N KHSO,, 35 mL
of saturated NaHCOj3, and 35 mL of brine and dried over
MgSO,. The resulting solution was concentrated by rotary
evaporation, and the residual material was purified by flash
chromatography (EtOAc) to yield methyl ester 9 (400 mg, 0.68
mmol, 74%): *H NMR (300 MHz, MeOH-d,) 4 1.30—1.75 (m,
19H), 1.76~2.00 (m, 1H), 2.05—2.10 (m, 2H), 2.15—2.40 (m,
2H), 3.12—3.21 (m, 1H), 3.62—3.70 (m, 3H), 3.72—3.95 (m, 4H),
4.72—-4.79 (m, 1H), 6.89—7.21 (m, 3H), 7.35 (d, J = 8.0 Hz,
1H), 7.53—17.56 (d, J = 7.5 Hz, 1H); 13C NMR (75 MHz, MeOH-
dyg) 6 18.9, 25.2, 27.4, 29.7, 33.8, 51.7, 53.7, 58.9, 79.1, 99.2,
109.8, 111.4, 118.1, 118.8, 121.4, 123.5, 127.6, 137.1, 157.2,
173.2, 175.2, 209.2; HRMS-ESI (M + Na*) caled for CaoH, 1 N3-
NaO; 566.2840, found 566.2858.

Phenylalanine Methyl Ester 10. To carboxylic acid 8 (500
mg, 1.46 mmol) were added H-Phe-OMe (312 mg, 1.75 mmol),
HBTU (796 mg, 1.75 mmol), and 4 mL of DMF, followed by
DIEA (0.8 mL, 3.5 mmol). The procedure was identical to that
used for the preparation of compound 9. The crude material
was purified by flash chromatography (2:3 hexanes/EtOAc) to
yield compound 10 (1.10 g, 2.14 mmol, 74%): 'H NMR (300
MHz, DMSO-d¢) 6 1.20—2.83 (m, 19H), 1.77-2.00 (m, 2H),
2.01-2.34 (m, 2H), 2.93-3.02 (m, 1H), 3.22—-3.14 (m, 1H),
3.55—3.71 (m, 3H), 3.74—3.86 (m, 4H), 4.66—4.74 (m, 1H),
7.22-17.33 (m, 5H); 13C NMR (75 MHz, MeOH-d,) 6 19.0, 25.3,
217.8,28.7, 33.8, 37.4, 51.8, 54.2, 59.0, 17.2, 99.2, 126.9, 128.5,
129.2, 137.2, 157.1, 172.7, 175.3; HRMS-ESI (M + Na*) caled
for Cy4HygN4NaOg 527.2732, found 527.2751.

Trp-X-Trp Ester 11. To compound 9 (370 mg, 0.68 mmol)
was added a solution of CHyCl; (11.5 mL), TFA (4.5 mL), and
triisopropylsilane (0.38 mL). The reaction was stirred at room
temperature for 1 h; then the solvents were removed under
vacuum. The crude amine was dissolved in 2 mL of DMF, and
DIEA (~0.5 mL) was added to neutralize the residual TFA
and to raise the pH to 8 (as measured with moist pH paper).
Cbz-Trp-OH (276 mg, 0.816 mmol), HBTU (309 mg, 0.816
mmol), and DIEA (0.28 mL, 1.6 mmol) were added to the flask
and the reaction was allowed to stir for 2 h at room temper-
ature. The workup was identical to the procedure used in the
preparation of compound 9. The crude material was purified
by flash chromatography (1:5 hexanes/EtOAc) to yield 11 (0.40
g, 0.52 mmol, 76%): 'H NMR (300 MHz, MeOH-d,) 6 0.94 (t,
J = 6.9 Hz, 1H), 1.12—1.65 (m, 10H), 1.75—1.90 (m, 2H), 2.10—
2.14 (m, 1H), 2.20—2.29 (m, 1H), 3.11-3.20 (m, 3H), 3.28—
3.30 (m, 1H), 3.50—3.70 (m, 6H), 4.50—4.58 (m, 1H), 4.75—
4.85 (m, 1H), 4.98—5.08 (m, 2H), 7.01-7.35 (m, 13H), 7.51—
7.61 (m, 2H); 13C NMR (75 MHz, MeOH-d,) 4 13.5, 18.3, 18.7,
19.9, 24.9, 25.2, 27.4, 28.3, 29.1, 33.7, 51.9, 53.7, 56.4, 58.9,
60.5,66.6,99.8,109.8, 111.0,118.1, 118.4, 118.8, 121.4, 121.5,
127.7,128.5, 137.2, 157.1, 172.9, 173.2, 173.5, 175.2; HRMS—
FAB (M + H*) caled for C43H50N505 764.3659, found 764.3647.

Trp-X-Phe Ester 12. Compound 10 (387 mg, 0.54 mmol)
was deprotected and coupled to Cbz-Trp-OH using a procedure
that was similar to that used for the preparation of compound
11. The crude material was purified by flash chromatography
(1:5 hexanes/EtOAc) to give compound 12 (255 mg, 0.391
mmol, 73%): 'H NMR (300 MHz, MeOH-d,) 6 0.82—0.91 (t, J
= 6.3 Hz, 1H), 1.21-1.60 (m, 10H), 1.90—1.96 (m, 1H), 1.97—
2.03 (m, 1H), 2.05—2.30 (m, 2H), 2.90—2.99 (m, 1H), 3.07—
3.30 (m, 3H), 3.60—3.85 (m, 6H), 4.53 (t,J = 7.3 Hz, 1H), 4.66—
4.72 (m, 1H), 5.01-5.12 (m, 2H), 7.00—7.35 (m, 14H), 7.63 (d,
J = 7.7 Hz, 1H); 13C NMR (75 MHz, MeOH-d,) 6 13.5, 18.8,
19.8, 25.3, 28.3, 33.7, 37.3, 51.8, 54.2, 59.0, 60.5, 66.6, 98.8,
110.0, 111.3, 118.4, 118.5, 121.4, 123.7, 126.9, 127.7, 128.5,
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129.3,137.1, 137.4, 172.0,172.7, 175.3; HRMS-ESI (M + Nat)
caled for CqHygN4NaOg 747.4932, found 747.4967.

Phe-X-Trp Ester 13. Compound 9 (450 mg, 0.83 mmol) was
deprotected and coupled to Cbz-Phe-OH (297 mg, 1.0 mmol)
using a procedure that was similar to that used for the
preparation of compound 11. The crude material was purified
by flash chromatography (1:4 hexanes/EtOAc) to yield 13 (280
mg, 0.38 mmol, 46%): 'H NMR (300 MHz, DMSO-ds) 6 1.15—
1.55 (m, 10H), 1.63—1.66 (m, 1H), 1.70—1.90 (m, 1H), 1.96—
2.00 (m, 2H), 2.14~-2.22 (m, 1H), 2.70-2.78 (m, 1H), 2.90—
3.19 (m, 3H), 3.40 (s, 3H), 3.56—3.60 (m, 4H), 3.74 (m, 3H),
4.32-4.40 (m, 1H), 4.47-4.55 (m, 1H), 4.93—4.97 (m, 2H),
6.97-17.02 (t, J = 7.3 Hz, 1H), 7.05—-7.10 (t, J = 7.9 Hz, 1H),
7.15-17.35 (m, 10H), 7.46—7.52 (m, 2H), 8.23-8.28 (m, 1H),
10.9 (s, 1H); 1*C NMR (75 MHz, MeOH-d,) 6 15.8, 20.3, 22.4,
26.4, 28.7, 35.0, 39.3, 53.4, 54.8, 57.7, 60.0, 61.4, 66.8, 100.0,
111.3, 113.1, 119.7, 120.1, 122.6, 125.2, 127.8, 128.7, 129.1,
129.4, 129.6, 129.7, 129.9, 130.0, 130.9, 137.8, 138.7, 139.9,
157.5, 172.9, 174.3; HRMS-ESI (M + Na*) caled for C4HysNy-
NaQg 747.3367, found 747.3386.

Phe-X-Phe Ester 14. Compound 10 (302 mg, 0.60 mmol)
was deprotected and coupled to Cbz-Phe-OH (244 mg, 0.82
mmol) using a procedure that was similar to that used for the
preparation of compound 11. The crude material was purified
by flash chromatography (1:4 hexanes/EtOAc) to yield 14 (267
mg, 0.39 mmol, 65%): 'H NMR (300 MHz, MeOH-d,) 6 0.86—
0.95 (m, 1H), 1.20—1.55 (m, 11H), 1.82—1.90 (m, 1H), 2.03—
2.30 (m, 2H), 2.82—3.02 (m, 2H), 3.14-3.22 (m, 2H), 3.68—
3.85 (m, 6H), 4.44—4.49 (q, J = 5.1 Hz, 1H), 4.67—4.70 (m,
1H), 5.04 (s, 2H), 7.21-7.32 (m, 138H), 7.51 (d, J = 8.3 Hz,
1H), 8.30 (d, J = 7.6 Hz, 1H); 13C NMR (75 MHz, MeOH-d,) 6
13.5, 18.8, 24.6, 25.3, 33.7, 38.2, 51.7, 54.2, 56.9, 59.0, 59.1,
60.6, 66.6, 99.0, 126.7, 126.8, 126.9, 127.7, 128.0, 128.4, 128.5,
129.2, 129.3, 129.4, 137.2, 137.6, 157.1, 172.8, 175.2, 175.3;
HRMS-ESI (M + Na*) caled for C3sHa7N3NaOg 708.3259, found
708.3251.

Inhibitor 15. Compound 11 (0.39 g, 0.511 mmol) was
dissolved in 20 mL of MeOH. To this solution was added a
solution of LiOH (80 mg, 3.3 mmol) dissolved in 5 mL of water,
and the reaction was stirred for 12 h at room temperature.
The basic solution was neutralized with 1 N HCI to pH 7, and
the solvents were removed under vacuum at 25 °C. The crude
carboxylic acid was dissolved in 8 mL of TFA and 3 mL of
water and the solution was stirred for an additional 12 h at
room temperature. The solvents were again removed under
vacuum at 25 °C and the crude material was purified by flash
chromatography (7% MeOH in CH;Clp). Diastereomers 15A B
were separated by preparative HPLC on a silica column (96.5%
CH,Cly, 3.4% MeOH, 0.1% TFA). The compound had a low
solubility in this solvent system, so the crude material was
suspended in solvent and filtered to remove the product that
did not dissolve, and the portion that remained in solution was
purified by HPLC. This procedure gave 15A (6 mg, 0.009
mmol, 2%) and 15B (2 mg, 0.003 mmol, 1%). The large majority
of the material was left in crude form and not purified. 15A:
!H NMR (300 MHz, DMSO-d¢) 6 1.25-1.75 (m, 2H), 1.81—
2.05 (m, 3H), 2.13—2.45 (m, 4H), 3.06—3.23 (m, 2H), 3.34—-
3.42 (m, 2H), 4.42—4.65 (m, 3H), 5.03—5.13 (m, 2H), 7.10—
7.56 (m, 12H), 7.68 (d, J = 7.6 Hz, 1H), 7.81 (d, J = 7.8 Hz,
1H), 8.17-8.31 (m, 1H), 10.97 (s, 1H); 3C NMR (75 MHz,
DMSO-dy) 6 24.1, 25.4, 27.9, 28.8, 33.2, 34.7, 49.0, 53.5, 56.3,
58.2,65.4,111.1,112.2,119.0,121.7,124.3, 124.7, 128.3, 129.2,
136.9, 137.9, 156.6, 172.4, 172.8, 209.1. 15B: 'H NMR (300
MHz, DMSO-dg) 6 0.92-1.22 (m, 1H), 1.20—1.29 (m, 3H),
1.52-1.60 (m, 2H), 1.63—1.70 (m, 1H) 1.91-2.07 (m, 4H),
2.25—2.34 (m, 1H) 2.74—3.08 (m, 4H), 4.22—4.39 (m, 6H), 4.84
(s, 2H), 6.83—7.31 (m, 11H), 7.42 (d, J = 7.6 Hz, 1H), 7.52 (d,
J =17.7Hz, 1H), 7.92(d, J = 7.4 Hz, 1H), 7.98 (d, J = 8.0 Hz,
1H), 10.70 (s, 2H); 13C NMR (75 MHz, DMSO-d) 6 24.1, 25.5,
27.9, 28.9, 33.3, 34.8, 35.5, 46.9, 48.2, 49.1, 53.7, 56 .4, 58.2,
66.1, 110.9, 112.2, 119.0, 119.4, 121.6, 124.4, 124.7, 128.0,
128.2, 128.5, 129.1, 136.9, 137.9, 156.6, 172.3, 172.9, 174.5,
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194.4, 209.0; HRMS-ESI (M + Na*) caled for C3gHs1N5NaO7
714.2900, found 714.2883 for the mixture of diastereomers
15A,B.

Inhibitor 16. Compound 12 (291 mg, 0.40 mmol) was
deprotected using the procedure outlined for the preparation
of inhibitor 15. The diastereomers were separated using
preparative reverse-phase HPLC (40% MeCN, 60% H:0, 0.1%
TFA) to give 16A (25 mg, 0.04 mmol, 10%) and 16B (25 mg,
0.04 mmol, 10%). Similar to inhibitor 15, inhibitor 16 was not
very soluble in the solvent used during the purification so that
a majority of the material was left in crude form and was not
purified. 16A: 'H NMR (300 MHz, DMSO-dg) 6 1.15—1.20 (m,
1H), 1.25—-1.85 (m, 1H), 1.36—1.60 (m, 1H), 1.65—1.90 (m, 3H),
1.97-2.13 (m, 3H), 2.13—2.25 (m, 1H), 2.35-2.40 (m, 1H),
2.80—2.96 (m, 2H), 8.05-3.21 (m, 2H), 3.34 (s, 3H), 4.32—4.50
(m, 3H), 4.95 (s, 2H), 6.95—7.47 (m, 12H), 7.64-7.67 (d, J =
7.4 Hz, 1H), 8.05 (d, J = 7.1 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H),
10.82 (s, 1H); 13C NMR (75 MHz, DMSO-ds) 6 24.1, 25.5, 28.9,
33.3, 34.9, 35.6, 49.0, 54.2, 56.4, 58.2, 66.0, 111.0, 112.1, 119.0,
119.4, 121.7, 124.7, 127.3, 127.8, 128.2, 128.5, 129.0, 129.2,
130.0, 136.8, 138.0, 138.7, 156.6, 172.2, 172.8, 174.1, 209.0.
16B: 'H NMR (300 MHz, DMSO-ds) 6 1.10—1.21 (m, 1H),
1.25-1.34 (m, 2H), 1.65—1.80 (m, 3H), 1.91-2.11 (m, 4H),
2.25~-2.35 (m, 1H), 2.80—2.97 (m, 2H), 3.05—3.12 (m, 2H), 3.30
(s, 3H), 4.29—4.42 (m, 3H), 4.89—4.99 (m, 2H), 6.95—7.42 (m,
12H), 7.67 (d, J = 7.5 Hz, 1H), 8.05 (d, J = 7.4 Hz, 1H), 8.16
(d, J = 8.2 Hz, 1H), 10.82 (s, 1H), 12.61 (s, 1H); 3C NMR (75
MHz, DMSO-ds) 6 24.2, 25.5, 28.9, 33.2, 34.6, 25.3, 37.5, 48.9,
54.1,56.4, 58.1, 66.0, 111.1,112.1, 119.0, 119.4, 121.7, 124.7,
127.2, 128.3, 128.5, 129.0, 129.9, 136.9, 137.8, 138.7, 156.7,
172.4, 172.9, 174.1, 209.1; HRMS-ESI (M + Na*) calcd for
C37H4 N NaO; 675.2792, found 675.2784 for the mixture of
diastereomers 16A,B.

Inhibitor 17. Compound 13 (240 mg, 0.33 mmol) was
deprotected using the procedure outlined for the preparation
of inhibitor 15. The purification was accomplished using
preparative reverse-phase HPLC (40% MeCN, 60% H;0, 0.1%
TFA) to yield 17 (99 mg, 0.15 mmol, 45%): *H NMR (300 MHz,
DMSO0-ds) 6 1.10-1.20 (m, 1H), 1.25—1.35 (m, 2H), 1.67-1.72
(m, 2H), 1.80—1.87 (m, 2H), 2.00—2.15 (m, 4H), 2.35—2.38 (m,
2H), 2.72-2.79 (m, 2H), 2.94—3.01 (m, 2H), 3.14 (d, J = 4.6
Hz, 1H), 3.18—3.20 (m, 1H), 4.35-4.49 (m, 2H), 4.95 (s, 1H),
6.95—17.35 (m, 11H), 7.50—7.55 (m, 2H), 8.10 (q, J = 3.4 Hz,
1H), 8.82 (s, 1H); 13C NMR (75 MHz, DMSO-dg) 6 23.1, 24.1,
25.5, 27.9, 33.3, 34.7, 385.3, 35.6, 49.1, 53.7, 57.0, 58.2, 66.0,
110.9, 112.2, 119.0, 121.8, 124.3, 127.1, 128.1, 128.2, 128.8,
129.1, 130.1, 136.9, 137.9, 138.8, 139.1, 156.6, 156.7, 171.8,
172.2, 172.9, 174.4, 207.3, 209.1; HRMS-ESI (M + Na*) caled
for Ca7HyoN4NaO; 675.2792, found 675.2797.

Inhibitor 18. Compound 14 (271 mg, 0.40 mmol) was
deprotected using the procedure outlined for the preparation
of inhibitor 15. The purification was accomplished using
preparative reverse-phase HPLC (40% MeCN, 60% H;0, 0.1%
TFA) to yield 18 (100 mg, 0.15 mmol, 39%): H NMR (300
MHz, DMSO-d¢) 6 1.65—-1.80 (m, 3H), 2.00—-2.10 (m, 3H),
2.35—2.42 (m, 3H), 2.95—3.10 (m, 2H), 4.30—4.44 (m, 2H), 4.95
(s, 2H), 7.20—7.30 (m, 13H), 7.56 (d, J = 8.3 Hz, 1H), 8.03—
8.16 (m, 1H), 12.40 (s, 1H); 13C NMR (75 MHz, DMSO-ds) 6
24.2, 25.5, 33.3, 33.4, 33.7, 34.9, 35.7, 38.6, 49.0, 54.1, 57.0,
58.1, 66.0, 71.0, 127.1, 127.2, 128.2, 128.4, 129.0, 130.1, 137.9,
138.7, 138.9, 139.1, 156.7, 164.2, 171.8, 172.1, 172.7, 209.0;
HRMS-ESI (M + Nat) caled for C35H3gN3NaOg 636.2684, found
636.2654.
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ABSTRACT :
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Aminocyclodextrins are known to bind phosphate esters such as phosphotyrosine and p-nitrophenyl phosphate. This paper describes the
inhibition of phosphate ester hydrolysis, as catalyzed by A-protein phosphatase and acid phosphatase, that is caused by such binding interactions.
ROESY studies provide structural information about the cyclodextrin-aryl phosphate complexes. In addition, these experiments are used to

generate approximations of the rates of dissociation of the noncovalent complexes.

Cyclodextrins are one of the most important classes of
molecules in the field of molecular recognition. They have
gained widespread use in such diverse areas as biomimetic
catalysis and chromatography and as drug carriers.! Amino-
cyclodextrins are cyclodextrins in which one or several of
the primary hydroxyl groups at the 6-position of the sugar
units have been replaced by amines. In 1979 Boger and
Knowles demonstrated that such molecules bind to benzyl
phosphate through a combination of electrostatic and hy-
drophobic interactions.? Since then a number of investigators
have examined the binding properties of aminocyclodextrins
with a variety of phosphate esters including nucleotide mono-
and triphosphates,®* p-nitropheny! phosphate and other
4-substituted phenyl phosphates,*> phosphotyrosine,’ and
cyclic phosphate esters.” In this paper we demonstrate that

(1) For a recent series of comprehensive reviews on all aspects of
cyclodextrin chemistry, see: Chem. Rev. 1998, 98, No. 5.

(2) (a) Boger, J.; Knowles, J. R. J. Am. Chem. Soc. 1979, 101, 7631. (b)
Boger, J.; Brenner, D. G.; Knowles, J. R. J. Am. Chem. Soc. 1979, 101,
7630.

(3) (a) Eliseev, A. V.; Schneider, H.-J. Angew. Chem., Int. Ed. Engl.
1993, 32, 1331. (b) Eliseev, A. V.; Schneider, H.-J. J. Am. Chem. Soc.
1994, 116, 6081.

(4) (a) Schwinte, P.; Darcy, R.; O’Keeffe, F. J. Chem. Soc., Perkin Trans.
2 1998, 805. (b) Ahern, C.; Darcy, R.; O’Keeffe, F.; Schwinte, P. J. Incl.
Phenom. Mol. Recognit. Chem. 1996, 25, 43.

(5) Vizitiu, D.; Thatcher, G. R. J. J. Org. Chem. 1999, 64, 6235.

(6) Cotner, E. S.; Smith, P. J. J. Org. Chem. 1998, 63, 17317.
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aminocyclodextrins, because they are able to bind to phos-
photyrosine and other aryl phosphate esters with significant
affinity, can inhibit the hydrolysis of these phosphate ester
guests catalyzed by A-protein phosphatase and acid phos-
phatase.? The development of new phosphatase inhibitors is
of current interest because of the important role that
phosphatases play in intracellular signal transduction.® In
addition, we use 'H and 3'P NMR spectroscopy to examine
interrholecular interactions between aminocyclodextrin hosts
and phosphotyrosine guests and show that these experiments
provide information about the kinetics of dissociation of the
aminocyclodextrin—phosphotyrosine complexes.

The structures of the modified cyclodextrin hosts and the
aryl phosphate guests used in this study are shown in Figure
1. Compounds 18 and 2a are derived from $- and a-cyclo-
dextrin, respectively, and the syntheses of these molecules
have been described previously by Darcy* and Thatcher.!®
The primary hydroxyl groups at the 6-positions of the sugar

(7) Breslow, R.; Schmuck, C. J. Am. Chem. Soc. 1996, 118, 6601.

(8) For a demonstration that aminocyclodextrins can inhibit neurite
growth by binding to glycosaminoglycan sulfates, see: Borrajo, A. M. P.;
Gorin, B. L; Dostaler, S. M.; Riopelle, R. J.; Thatcher, G. R. J. Bioorg.
Med. Chem. Lett. 1997, 7, 1185.

(9) Burke, T. R.; Zhang, Z.-Y. Biopolymers 1998, 47, 225.

(10) Vizitiu, D.; Walkinshaw, C. S.; Borin, B. I; Thatcher, G. R. J. J.
Org. Chem. 1997, 62, 8760.
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Figure 1. Structures of positively charged cyclodextrin hosts and
aryl phosphate guests. The schematic diagram on the right shows
the positions of the protons in the interior and exterior of the
cyclodextrin cavity. The proton labels correspond to the annotated
resonances in the ROESY spectra shown in Figure 3.

units have been replaced with 2-hydroxyethylamino groups.
Several of these groups are protonated at pH 7, and they
provide a positively charged binding site along one rim of
the cyclodextrin cavity that forms electrostatic interactions
with negatively charged guests. Two aryl phosphates were
used as guests: p-nitrophenyl phosphate (p-NPP) and phos-
photyrosine (Tyr(PO5~2)).

The inhibition of A-protein phosphatase and acid phos-
phatase by cyclodextrin 18 was monitored using a UV assay
to follow dephosphorylation of the aryl phosphate substrates.
The data were analyzed using the reaction scheme shown in
eq 1, where CD is cyclodextrin 18, S is the substrate, E is
the enzyme, and P is the product. This reaction scheme is
simply the Michaelis—Menten formalism that has been mod-
ified to incorporate a preliminary equilibrium between free
substrate and the cyclodextrin—substrate complex (CD-S).

K K,
CD-SLCD+S+ELES-2E+P '6))

The rate of the enzyme-catalyzed reaction is given by eqs
2—4, where S,;, is the concentration of free substrate, Sp is
the total substrate concentration, CDy is the total cyclodextrin
concentration, and Kj is the dissociation constant of the CD-
S complex.

rate =V, Sooo/ (K + Sypp) €))
Spp = So — CD-S 3)
CD,
CD-S = —2— —+
S+ K, CD,2 — 2CDy(S, — K,) 12
(S + Ky [l _ 0 o (; ¢4 @)
2 | (So+ Ky

Equation 4 can be derived from a simple 1:1 binding
isotherm between CD and S.!' The rate expression shown
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in eq 2 is based upon the assumption that the enzyme is
able to hydrolyze only the free substrate and cannot react
with substrate that is complexed with the cyclodextrin. This
assumption is reasonable because in the complex the
phosphate ester is completely surrounded by the cyclodextrin
and binding to the enzyme is precluded by both steric and
electrostatic repulsion. The initial rates of the enzyme-
catalyzed reactions were determined using a single substrate
concentration and a range of cyclodextrin concentrations.!?
The data were fitted to eqs 2—4 using a nonlinear curve
fitting procedure, which gave estimates of K4. An example
of one set of data, along with the corresponding curve fit, is
shown in Figure 2. Ky values for the substrates were

Relative Rate

Y T T T T
" 0.0 0.4 0.8 1.2 1.6

[1B] (mM)

Figure 2. Inhibition of acid phosphatase by cyclodextrin 18 in
100 mM Tris pH 7.0. The substrate, p-NPP, was present at a
concentration of 0.64 mM. The curve corresponds to the best fit of
the data to eq 2.

determined separately using standard methods. Table 1 shows
the association constants for the cyclodextrin—aryl phosphate
complexes that were extracted from the kinetic data.

Table 1. Association Constants of Cyclodextrin 18 with Aryl
Phosphates As Measured by Inhibition of Phosphatase Activity
and by 'H NMR Experiments

Kassor (M)
Substrate Enzyme® Buffer” Enzyme Kinetics ~ NMR Method

p-NPP AP 100 mM Tris 37600 < 8,000
p-NPP A-PP 100 mM Tris 13,000 + 3,000

p-NPP 100 mM Tris 60,000 = 15,000F
p-NPP AP 10mM HPO,? 1,400 % 300

p-NPP 10 mM HPO,? 2,200 + 400F
Tyr(POy%) AP 100 mM Tris 23,000 = 5,000

Tye(POyY) A-PP 100 mM Tris 19,000 4,000

Tyre(POy D 100 mM Tris 130,000 % 25,0007

@ AP is acid phosphatase and-4=PP is A-protein phosphatase. ® Assays
with AP and 2-PP were performed at pH 7.0 and 7.8, respectively. A-PP
was not stable at pH 7.0. © Measured by 'H NMR titration. ¢ Measured by
'H NMR dilution.
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We have also measured association constants by NMR
spectroscopy for the sake of comparison (Table 1). The
complex between 18 and p-NPP was in fast exchange on
the NMR time scale and showed only one set of resonances
for the aryl phosphate protons. Thus, 'H NMR titrations were
used to determine association constants.!! In contrast, the
complex between 18 and Tyr(PO;~2) was in slow exchange
on the NMR time scale and displayed well-resolved signals
for the free and bound aryl phosphate. In this case the relative
integration of the aromatic protons of free and bound
Tyr(PO3;~?), along with the known concentrations of
Tyr(PO;2) and the cyclodextrin, were used to determine the
association constant.

Comparison of the association constants derived from
enzyme kinetics and from the NMR experiments shows that,
for the 18—p-NPP complex with acid phosphatase in either
Tris or phosphate buffers, there is reasonable agreement
between values measured using the two different techniques.
The association constants measured in 100 mM Tris buffer
are significantly higher than those measured in phosphate
buffer. In Tris-HCI buffer, the chloride anion does not
strongly complex with the positively charged cyclodextrin
and therefore does not compete significantly with p-NPP for
binding to 15. In contrast, the phosphate buffer binds
relatively tightly to the cyclodextrin and must be displaced
before p-NPP can bind.!* This competition by the buffer
lowers the observed association constant.

For the 18—p-NPP complex with A-protein phosphatase
and the 18—Tyr(PO;~2?) complex with either enzyme, the
association constants measured using the enzyme kinetics
method are significantly lower than the values measured
using NMR spectroscopy. Two factors lower the sensitivity
of the enzyme Kkinetics method and limit our ability to
measure large association constants using this technique.
First, the concentration of the substrate in these assays must
be similar to the Ky value so that significant rates are
achieved in the absence of inhibitor. Second, the difference
in extinction coefficients between Tyr(PO;~2) and Tyr is
relatively small. In addition, the assays with A-protein
phosphatase were performed at pH 7.8, while the assays with
acid phosphatase and the NMR measurements were per-
formed at pH 7.0. The higher pH decreases the protonation
state of the cyclodextrin and lowers the electrostatic attraction
between host and guest.!* Despite the limitations of the
kinetic method, the results presented here demonstrate that
positively charged cyclodextrins, because they sequester
phosphate ester guests, can effectively inhibit hydrolysis of
the phosphate ester linkage as catalyzed by phosphatase
enzymes.

We have acquired ROESY spectra of several of the
cyclodextrin—aryl phosphate complexes (Figure 3). These

(11) Wilcox, C. S.; Cowart, M. D. Tetrahedron Lett. 1986, 27, 5563.

(12) Addition of unmodified a- or S-cyclodextrin to the enzyme-catalyzed
reactions has no effect on the reaction rate.

(13) A related positively charged cyclodextrin has been shown to bind
inorganic phosphate with an association constant of 3.7 x 10° M~. See
ref 3b.

(14) The association constant for the complex between cyclodextrin 13
and Tyr(PO32) measured by 'H NMR spectroscopy in 100 mM Tris buffer
at pH 7.8 is 10000 + 2000 M~
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Figure 3. ROESY spectrum showing intermolecular NOEs be-
tween protons on the interior of the cyclodextrin cavity and the
ortho and meta protons of p-NPP and Tyr(PO;~2%). Spectrum A:
18 + p-NPP. Spectrum B: 18 + Tyr(PO;~2). Spectrum C: 2a. +
Tyr(PO;72).

spectra not only give information about the structure and
conformation of the noncovalent complexes'® but they also
provide insights into the kinetics of their dissociation.
Spectrum A (Figure 3) shows the complex between cyclo-
dextrin 18 and p-NPP. Exchange between free and bound
p-NPP is fast on the NMR time scale, and thus only one set
of resonances is observed for the aromatic protons of p-NPP.
The ROESY spectrum shows strong intermolecular NOE
cross-peaks between the ortho protons of p-NPP and both
the H3 and H5 protons on the interior wall of the cyclodextrin
cavity (see Figure 1 for the positions of the protons). In
addition, there is a strong cross-peak between the meta
protons of p-NPP and H3 and a weaker cross-peak between
the meta protons and H5 of the cyclodextrin.'® These NOEs
are consistent with a binding conformation in which the
phosphate interacts with the ammonium groups of the
cyclodextrin and the aromatic ring is positioned inside the
cyclodextrin cavity. The ortho protons are relatively deep
in the cavity and are proximal to both H3 and HS, while the

(15) Schneider, H.-J.; Hacket, F.; Rudiger, V.; lkeda, H. Chem. Rev.
1998, 98, 1755.

(16) The assignments of the resonances in the NMR spectra were
performed using COSY spectra of the aryl phosphate—cyclodextrin
complexes.
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meta protons occupy a more shallow position and interact
strongly only with H3. From the limiting chemical shift
values of the aromatic protons in the free and bound forms,
along with the observation that this acquisition, which was
recorded at 25 °C, is well above the coalescence point, we
estimate that the dissociation rate constant for this complex
is much greater than 150 s~1.17

Spectrum B shows the complex between cyclodextrin 13
and Tyr(POs~2). Unlike the complex between 18 and p-NPP,
this complex is in slow exchange on the NMR time scale so
that separate resonances are observed for free and bound
Tyr(PO;™2). The ROESY spectrum shows cross-peaks be-
tween the aromatic protons of both free and bound Tyr(PO;~2)
and H3 and H5 of the cyclodextrin. We expect only bound
Tyr(PO;™%), and not free Tyr(PO;~2), to have NOE interac-
tions with the cyclodextrin. However, the exchange rate
between free and bound Tyr(PO;~2) is fast compared to the
350 ms spinlock time used in the ROESY experiments.
During the spinlock period, bound Tyr(PO;~2) molecules that
experience NOEs with the cyclodextrin can dissociate to the
unbound form. Therefore, the spectrum shows cross-peaks
with both the free and bound forms, even though the NOE
interactions occur only between bound Tyr(PO;~2) and the
cyclodextrin. Since this complex shows slow exchange on
the NMR time scale, but ROESY cross-peaks for both the
free and bound forms using a 350 ms spinlock time, we
estimate that the dissociation rate constant for this complex
must fall in the range between 3 and 75 s~1.18 31p 2D
exchange spectroscopy (EXSY) can be used to more ac-
curately determine exchange rates.!® Using this method we
have found that the dissociation rate constant for the complex
between 18 and Tyr(POs™2) is 7 £ 1 s7!, a value that is
consistent with the estimate derived from the ROESY
experiments.

For the complex between Tyr(PO;~2) and cyclodextrin 2a
(spectrum C), exchange between free and bound Tyr(PO;~?)
is again slow on the NMR time scale. However, in this case
the exchange rate is slow compared to the 350 ms spinlock
time used in the ROESY experiments. As a result we observe
NOE cross-peaks between the aromatic protons of only the

(17) Sandstrom, J. Dynamic NMR Spectroscopy; Academic Press: New
York, 1982.

(18) The upper limit for the exchange rate is derived from the difference
in chemical shift values for free Tyr(PO372) and Tyr(PO3™2) that is fully
bound to cyclodextrin 15, along with the fact that this acquisition which
was recorded at room temperature is well below the coalescence point. See
also ref 17.

(19) Hartzell, C. J.; Mente, S. R.; Eastman, N. I; Beckett, J. L. J. Phys.
Chem. 1993, 97, 4887.
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bound form, and not the free form, of Tyr(PO;~2) and H3
and H5 of 2a. These results demonstrate that only bound
Tyr(PO;~2) molecules are in close proximity to the cyclo-
dextrin as we expect and put an upper limit on the
dissociation rate constant for this complex of 3 s™. Slow
dissociation of Tyr(PO;~2) from 20 when compared to 153
is likely caused by the narrower, more restrictive cavity of
the a-cyclodextrin derivative. The association constant of
this complex in 100 mM Tris buffer is 30 000 &= 4500 M~1,20

The pattern of NOE intensities that we observed in the
20—Tyr(PO;~?) complex is different than the pattern that
appears in the complex with 18. With the a-cyclodextrin
derivative, there are strong interactions between H3 of the
cyclodextrin and both the ortho and meta protons of the aryl
phosphate. However, there is a strong interaction between
HS5 and the meta protons, while the interaction between HS
and the ortho protons is absent. These observations are
consistent with a binding conformation in which the
Tyr(PO;~2) molecule is positioned “upside down” in the
cyclodextrin cavity with the phosphate group oriented away
from the ammonium groups. This conformation is somewhat
surprising since it precludes a strong electrostatic interaction
between the negatively charged phosphate group and the
positively charged rim of the cyclodextrin. On the other hand,
this conformation allows electrostatic interactions to form
with the carboxylate group of Tyr(PO;~2).

The experiments presented in this paper demonstrate that
the binding interactions between positively charged cyclo-
dextrin hosts and aryl phosphate guests inhibit the hydrolysis
of the guest molecules catalyzed by phosphatase enzymes.
The ROESY studies show that the aryl phosphates bind in
the interior of the cyclodextrin cavity and also provide limits
on the dissociation rates of the aryl phosphate—cyclodextrin
complexes. These limits can be confirmed using 3'P 2D
exchange spectroscopy. We are currently investigating in
greater depth the kinetics and thermodynamics of these types
of binding interactions.
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(20) Reference 5 provides some related coalescence temperature data
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Cyclodextrin derivatives in which the primary hydroxyl groups at the 6-positions of the sugar units
have been replaced with 2-hydroxethylamino groups are known to bind phosphate esters with
significant affinity. Association between the host and guest is mediated by a combination of
hydrophobic and electrostatic interactions. Association constants for two cyclodextrin hosts with
three phosphate ester guests are measured in a variety of buffer solutions, and it is found that the
buffer has a large impact on the electrostatic component of the binding interaction. Negatively
charged buffers such as phosphate and ADA (N-(2-acetamido)iminodiacetic acid) compete with the
phosphate ester guests for binding to the positively charged cyclodextrins. This competition lowers
the effective association constant between host and guest. Positively charged buffers such as Tris-
HCI do not strongly compete and are thus more conducive to binding. The kinetics of dissociation
of the host—guest complexes were measured in several buffers using 3'P EXSY experiments. These
measurements demonstrate that negatively charged buffers decrease the equilibrium constant by
lowering the rate of association of these complexes but in most cases do not effect the dissociation
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rates.

Introduction

In aqueous solution, cyclodextrins bind hydrophobic
molecules in the interior of their cavities. The synthesis
of modified cyclodextrins has expanded their recognition
properties to include noncovalent binding motifs beyond
simple hydrophobic interactions.! For example, the bind-
ing properties of a large number of modified cyclodextrins
have been investigated that incorporate hydrogen bond-
ing, electrostatic, and metal binding interactions.2 Ami-
nocyclodextrins (AminoCDs) are cyclodextrin derivatives
that incorporate amino-containing functionality in place
of the primary hydroxyl groups at the 6-positions of the
sugar units. Such aminoCDs were first demonstrated to
bind to phosphate esters such as benzyl phosphate
through a combination of hydrophobic and electrostatic
interactions by Knowles and Boger in 1979.2 Since that
time, a variety of aminoCDs have been developed that
recognize phosphate esters,* including several with
biological significance such as nucleotide mono- and
triphosphates®’ and phosphotyrosine.? We have recently

(1) For a recent series of comprehensive reviews on all aspects of
cyclodextrin chemistry, see: Chem. Rev. 1998, 98(5).

(2) For several recent examples of modified cyclodextrins binding
to amino acids, see: (a) Bonomo, R. P.; Pedotti, S.; Vecchio, G.;
Rizzarelli, E. Inorg. Chem. 1996, 35, 6873. (b) Liu, Y.; Zhang, Y.-M.;
Qi, A-D.; Chen, R.-T.; Yamamoto, K ; Wada, T.; Inoue, Y. J. Org. Chem.
1997, 62, 1826. (¢) Liu, Y.; Zhang, Y.-M,; Qi, A.-D.; Chen, R.-T,;
Yamamoto, K.; Wada, T.; Inoue, Y. J. Org. Chem. 1998, 63, 10085.

(3) (a) Boger, J.; Knowles, J. R. J. Am. Chem. Soc. 1979, 101, 7631.
(b) Boger, J.; Brenner, D. G.; Knowles, J. R. J. Am. Chem. Soc. 1979,
101, 7630.

(4) Vizitiu, D.; Thatcher, G. R. J. J. Org. Chem. 1999, 64, 6235.

(5) Breslow, R.; Schmuck, C. J. Am. Chem. Soc. 1996, 118, 6601.

(6) (a) Eliseev, A. V.; Schneider, H.-J. Angew. Chem., Int. Ed. Engl.
1993, 32, 1331. (b) Eliseev, A. V.; Schneider, H.-J. J. Am. Chem. Soc.
1994, 116, 6081.

(7) (a) Schwinte, P.; Darcy, R.; O'Keeffe, F. J. Chem. Soc., Perkin
Trans. 2 1998, 805. (b) Ahern, C.; Darcy, R.; O’Keeffe, F.; Schwinte,
P. J. Incl. Phenom. Mol Recog. Chem. 1996, 25, 43.

(8) Cotner, E. S.; Smith, P. J. J. Org. Chem. 1998, 63, 1737.

demonstrated that the binding interactions between
phosphotyrosine and aminoCDs can be used to inhibit
hydrolysis of the phosphate ester linkage in phospho-
tyrosine catalyzed by phosphatase enzymes.® Addition-
ally, the investigations of Thatcher and co-workers have
shown that aminoCDs bind to glycosaminoglycan sulfates
and inhibit growth of neurites.!? In vitro biological studies
of this type typically require the use of solutions that
contain buffers, and buffers are likely to mediate the
strength of the electrostatic binding interactions between
aminoCDs and negatively charged guest molecules.
Therefore, the goal of the present study is to clarify the
role that buffer structure and concentration plays in
determining both the thermodynamics and kinetics of
association between aminoCD hosts and phosphate ester
guests. From a broader perspective, these studies provide
a model system to study the effects of buffers on binding
interactions, including small molecule—protein and pro-
tein—protein interactions, that occur in aqueous solution
and that are mediated by electrostatic forces.

Results and Discussion

Cyclodextrin Hosts and Phosphate Ester Guests.
Figure 1 shows the structures of compounds 18 and 2q,
the two aminoCD hosts that are used in this study. The
syntheses of these compounds has been reported by
Darcy’ and Thatcher,!! respectively. Three aryl phos-
phates were used as guests; p-nitrophenyl phosphate (p-
NPP), phosphotyrosine (Tyr(POs?7)), and N-acetyl-phos-
photyrosine methyl ester (AcTyr(PO3?)OMe). The latter

(9) Ghosh, M_; Sanders, T. C.; Zhang, R.; Seto, C. T. Org. Lett. 1999,
1,1945.

(10) Borrajo, A. M. P.; Gorin, B. L; Dostaler, S. M,; Riopelle, R. J.;
Thatcher, G. R. J. Bioorg. Med. Chem. Lett. 1997, 7, 1185.

(11) Vizitiu, D.; Walkinshaw, C. S.; Borin, B. L; Thatcher, G. R. J.
J. Org. Chem. 1997, 62, 8760.
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Figure 1. Structures of positively charged cyclodextrin hosts
and aryl phosphate guests.
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compound was included in the study to determine if
blocking the charged ammonium carboxylate portion of
phosphotyrosine causes enhanced affinity to the cyclo-
dextrin hosts. The synthesis of AcTyr(PO3?")OMe (6) is
outlined in Scheme 1. N-Acetyltyrosine methyl ester was
phosphorylated with dibenzyl-N,N-diethylphosphoramid-
ite to give phosphite 4. This compound was oxidized with
m-CPBA to give the corresponding phosphate triester 5.
Finally, removal of the benzyl protecting groups with
hydrogen and Pd/C gave the desired phosphate mono-
ester 6.

Measurement of Association Constants by NMIR
Spectroscopy. A variety of experimental methods have
been used to measure association constants of cyclodex-
trins with guest molecules. These include UV and CD
spectroscopies, calorimetry, potentiometric titration, and
NMR spectroscopy. Potentiometric titration is one of the
most common methods for investigating the binding
interactions between positively charged cyclodextrins and
phosphate esters.5” This technique is useful because it
provides information about both association constants
and pK,’s of ionizable groups. However, potentiometric
titration measurements must be performed in the ab-
sence of buffer, and buffers are typically required when
investigating in vitro biological activity. Thus, association
constants measured using this method may not ac-
curately predict what will occur in biological systems.

Several reports show that nucleotide phosphates bind
to positively charged cyclodextrins with significant af-

Ghosh et al.
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Figure 2. Structures of buffers.

finity (K, ~ 10*—10% M~1). These values were measured
using potentiometric titration in nonbuffered aqueous
NaCl solution.®? Knowles has reported that benzyl
phosphate binds to a positively charged cyclodextrin in
triethanolamine buffer with similar affinity (K, ~ 3.2 x
10* M~1).3 In contrast, Breslow and Smith have shown
that binding of aryl phosphates to positively charged
cyclodextrins in phosphate buffer is somewhat weaker (K,
~ 102-10® M~1).58 The 2- to 3-order of magnitude
difference between these reported binding constants may
simply reflect the differences in structures between the
various cyclodextrin hosts and phosphate ester guests
used in the studies. However, since electrostatic interac-
tions are important in determining the strength of
binding in all of these systems, it is also possible that
the aqueous environment, specifically the buffer, plays
a significant role in determining the association con-
stants. Negatively charged buffers may have reasonable
affinities for the positively charged cyclodextrins and
effectively compete with a phosphate ester guest for
binding with the cyclodextrin. This competition would
have the effect of lowering the observed binding constant
between host and guest.

To investigate this issue, we have measured the
association constants of cyclodextrins 18 and 2a with
three aryl phosphates in five different buffer systems in
order to clarify the role that buffer structure and con-
centration plays in determining the magnitude of the
binding interactions. Association constants were mea-
sured using NMR spectroscopy because this methed is
compatible with a variety of aqueous solutions. The
structures of the buffers used in this study are shown in
Figure 2. These buffers encompass a range of functional
groups, sizes, and charge states that vary from —2 for
phosphate at pH 7 to +1 for imidazole and Tris.

Three NMR methods were used to measure the as-
sociation constants: 'H NMR titrations and 'H and 3'P
NMR dilution experiments. We chose a particular experi-
ment for a given complex based upon two considerations;
signal dispersion of the aromatic protons of the guest and
the rate of exchange between the free and bound guest.
In general, complexes with p-NPP as the guest were in
fast exchange on the NMR time scale, while complexes
with Tyr(POs2~) and AcTyr(PO32")OMe were in the slow
exchange regime. For complexes that displayed good
signal dispersion and that were in fast exchange on the
NMR time scale, the 'H NMR titration method was used.
In these experiments, the chemical shift of the aryl
phosphate protons were monitored as a function of added
cyclodextrin. Data were analyzed using a nonlinear curve
fitting procedure to an equation, reported by Wilcox, that
is based upon a simple 1:1 binding isotherm.!? An
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Table 1. Association Constants for Cyclodextrins 18 and 20 with Aryl Phosphates in a Variety of Buffers®

Kassoc M)
CD guest Tris imidazole D70, NaCl BES ADA 10 mM HPO,2 100 mM HPO42
18 p-NPP 60 000® 210 000° 65 000? 34 000% 27000 2200? 410%
+ 15 000 + 60 000 + 13 000 + 8000 + 600 +400 + 80
18 Tyr(P0O32-) 130 000¢ 16 000° 15004 7104
+ 25 000 +3000 + 300 + 140
18 AcTyr(PO32-)OMe 610 000° 430 000°
+ 120 000 + 90 000
2a p-NPP 30 000° 70 000° 3704
+ 6000 + 10 000 + 80
20 Tyr(PO32") 42 000
+ 8000
200 AcTyr(PO32")OMe 150 000¢ 33 000°
+ 30 000 + 6000

s Buffer concentrations are 100 mM unless noted otherwise. The pH of all solutions was 7.0. ® Measured by !H NMR titration experiments.
¢ Measured H NMR dilution experiments. ¢ Measured by 3P NMR dilution experiments.
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Figure 3. Titration of p-NPP (1.5 mM) with cyclodextrin 18
in 100 mM ADA buffer as monitored by 'H NMR spectroscopy.
The curve corresponds to the best fit of the data to a simple
1:1 binding isotherm.

example of one data set, along with the curve fit, is shown
in Figure 3.

Complexes that were in slow exchange on the NMR
time scale showed well-resolved signals for the free and
bound guest. Integration of these resonances gave a
measure of the relative concentrations of free and bound
aryl phosphate. In these cases, an NMR sample contain-
ing aryl phosphate and a slight excess of cyclodextrin was
prepared. The solution was diluted with buffer in several
steps, and the 'H NMR spectrum was monitored until it
showed approximately a 1:1 mixture of free and bound
aryl phosphate. At this point, the signals were integrated
and the binding constant calculated on the basis of the
known concentrations of aryl phosphate and cyclodextrin.

For several of the complexes in this study, the tH NMR
spectra were not useful for measuring association con-
stants because either exchange was intermediate on the
NMR time scale and resonances were broad or the
protons of the aryl phosphate were overlapping. In these
cases, the 3P NMR spectra showed well-resolved reso-
nances for free and bound aryl phosphate. Thus, 3P NMR
dilution experiments were used to measure association
constants. In all cases, there was a significant chemical
shift difference between free and bound aryl phosphate
in the 3!P spectrum, reflecting the large difference in
environment experienced by the phosphate group in the
free and bound forms. Relaxation rates (T';) were mea-
sured for several of the free and complexed aryl phos-
phates to ensure that the relaxation delays used in the
1H and 3'P NMR spectra were long enough to allow for
accurate integration of resonances.

(12) Wilcox, C. S.; Cowart, M. D. Tetrahedron Lett. 1986, 27, 5563.

Association constants for the two cyclodextrin hosts
with the three aryl phosphate guests in a variety of
buffers are shown in Table 1. From these data, it is
apparent that buffers have a dramatic impact on the
value of the measured association constants. Differences
of 3—4 orders of magnitude are observed on the basis of
the structure and concentration of the buffer. The weak-
est binding constants were measured in 100 mM phos-
phate. Phosphate can associate with the ammonium
groups of the cyclodextrin!® and must be displaced before
the aryl phosphate guest can bind. Part of the free energy
that is gained from binding the aryl phosphate to the
cyclodextrin is offset by the loss of binding interactions
between the buffer and the cyclodextrin. This has the
effect of lowering the observed binding constant. Lower-
ing the phosphate concentration from 100 to 10 mM
increases the association constant of p-NPP with 18 by
a factor of 5 because there is less competition from the
buffer. Measurements in 100 mM ADA buffer, which has
one negative charge compared to phosphate with two
negative charges, gives higher association constants. This
result indicates that ADA is bound less tightly by the
cyclodextrin than is phosphate.

A zwitterionic, but overall neutral, buffer such as BES
does not compete as strongly for the cyclodextrin host.
The sulfonate anion of BES is significantly stabilized by
the intramolecular ammonium ion and gains only a small
amount of additional stabilization by complexing with the
cyclodextrin. Therefore, association constants measured
in this buffer are significantly higher than those mea-
sured in ADA and phosphate buffers. In D;0/NaCl
solution that has been pH adjusted to 7.0, the association
constants for p-NPP and AcTyr(PO3s>")OMe with 18 are
in the range of 10¢—10° M1, These values are similar to
those reported for binding of nucleotide phosphates to
positively charged cyclodextrins as measured by poten-
tiometric titration under similar conditions.? Association
constants measured in buffers that bear a positive charge
such as Tris and imidazole are of similar orders of
magnitude. These solutions allow optimal interactions
between the aryl phosphates and positively charged
cyclodextrins, with the chloride counterion of the buffers
providing little competition to the binding event.

Figure 4 shows a plot of the free energy of association
for the various cyclodextrin—aryl phosphate combinations
as a function of the buffer. From this pictorial represen-

(13) Schneider has reported that the binding constant between an
aminoCD and inorganic phosphate is 3.7 x 10° M-1, See ref 6.
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Figure 4. Free energy for the binding interaction between
the cyclodextrin hosts and the aryl phosphate guests as a
function of buffer structure.

tation of the binding data it becomes apparent that the
two cyclodextrin hosts bind the three aryl phosphate
guests with similar affinity in any particular buffer
system. The only exception is the complex between 18
and AcTyr(PO;2-)OMe, which has an association constant
that is significantly higher than the other complexes. The
difference in affinity between the complexes of 18 with
Tyr(POs2") and AcTyr(POs?-)OMe suggests that the later
compound makes better hydrophobic contacts with the
cyclodextrin host. In addition, molecular models suggest
that there is a good steric compatibility between AcTyr-
(PO32)OMe and cyclodextrin 18, while the cavity of 20
is too narrow for an optimal fit.

The binding data presented here demonstrate that
negatively charged buffers weaken the association be-
tween aryl phosphate guests and positively charged
cyclodextrin hosts by competing with the guest for the
available binding sites. If these cyclodextrin derivatives
are used to influence the activity of biological macromol-
ecules in vitro, positively charged buffers should be used
in order to maximize binding interactions between nega-
tively charged guests and the aminoCD hosts.

Measurement of Dissociation Rates by Exchange
Spectroscopy. The equilibrium constants discussed in
the previous section provide insights into how buffers
affect the thermodynamics of aryl phosphates binding to
cyclodextrins. We are also interested in how buffers
influence the kinetics of such binding events. In previous
work we have used ROESY experiments to make rough
estimates of the dissociation rate constants of several of
the complexes.® To determine these rate constants more
precisely, we have measured them using 3!P 2D exchange
spectroscopy (EXSY). These experiments were performed
on the complex between Tyr(PO3;~2) and cyclodextrin 13
in a variety of buffers in order to examine the relationship
between dissociation rate and buffer structure.

The EXSY experiment uses the same pulse sequence
as a NOESY experiment, and cross-peaks of opposite sign
are observed for NOEs and exchange. For the complex
between Tyr(PO32") and 10, we observe separate reso-
nances for free and bound Tyr(PO32") in the 3P NMR
spectrum, and no cross-peaks can occur for NOE interac-
tions. If the mixing time used in the experiment is short
compared to the rate of exchange between free and bound
Tyr(PO327), then no cross-peak is observed between these
species. However, if the mixing time is of the same order
of magnitude or longer than the exchange rate, then a
cross-peak will be observed. The volume of the cross-peak
is proportional to the amount of exchange that has
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Figure 5. 3P EXSY spectrum of the complex between
cyclodextrin 18 and Tyr(PO;~2) in 100 mM ADA buffer at pH
7.0. The mixing time in this experiment was 50 ms.

Table 2. Rate Constants, ko, for Dissociation of
Complexes between Positively-Charged Cyclodextrins
and Tyr(PO32-) Determined by 3!P EXSY Experiments (T

= 25 °C)
CD buffer ko (s71) kon® (M~1571)
18 100 mM phosphate 45+5 32 000
18 100 mM ADA 7+1 10 500
18 100 mM BES T+1 110 000
18 100 mM Tris 71 910 000
20 100 mM Tris 2 x 1073+ 0.4 x 10732 84

2 koo values are inferred based upon the measured kog and Kassoc
values shown this table and Table 1. ® This value is extrapolated
from measurements that were performed at higher temperatures
(see text).

occurred during the mixing time and, thus, can be used
to calculate the exchange rate. One EXSY spectrum is
shown in Figure 5 as an example, and a summary of the
exchange data is given in Table 2.

When ADA, BES, and Tris are used as buffers, the
dissociation rate constants are 7 s™1, despite the fact that
the binding constants in these buffers range from 1500
M-~ for ADA to 130 000 M~! for Tris. The fact that these
off-rates are idential shows that the buffer does not
participate during the rate-limiting step for dissociation.
Thus, the dissociation rate constant of 7 s~! simply
represents the rate at which phosphotyrosine dissociates
from the cyclodextrin in aqueous solution. This slow step
is then followed by a second fast step that involves
binding of the buffer to the empty cyclodextrin. In
contrast, the buffer is critical for determining the rate
that Tyr(PO32") associates with the cyclodextrin. Associa-
tion rate constants (ko) are provided in Table 2 and have
been calculated on the basis of the measured K,gso. and
ko values. These data are consistent with an interpreta-
tion in which the cyclodextrin, in the absence of Tyr-
(POs%7), binds to buffers that incorporate a negatively
charged functional group. In order for Tyr(PO3?") to bind,
the buffer must first dissociate, and it is this dissociation
reaction that controls the overall rate at which Tyr(PO3%7)
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Figure 6. Arrenhius plot for dissociation of the complex
between cyclodextrin 2a and Tyr(PO3~2) in 100 mM Tris buffer
at pH 7.0. The y-intercept gives the preexponential factor (A
= 1.4 x 102 s7!) and the slope gives E/R. The activation
energy for this dissociation reaction is 34 kcal/mol. The rate
constants for dissociation at the four temperatures are & =
0.064 s~! (45 °C), 0.22 s71 (51 °C), 0.42 s71 (55 °C), and 0.98
st (62 °C).

binds to the cyclodextrin. After the buffer dissociates from
the cyclodextrin, the Tyr(PO3?") can bind to the empty
cavity in a faster second step. Tris, which is positively
charged and has chloride as the counterion, is not likely
to complex strongly with the cyclodextrin and provides
the fastest association rate between Tyr(PO32") and the
cyclodextrin. BES, which is neutral overall but possesses
a negatively charged sulfonate group, slows the associa-
tion rate by almost 1 order of magnitude. The association
rate is slowest in ADA buffer, which has an overall
negative charge and is likely to bind well to the cyclo-
dextrin.

In phosphate buffer, the dissociation rate constant is
six to seven times faster than what is observed in ADA,
BES, and Tris buffers. The higher off-rate suggests that
phosphate, unlike the other buffers, is playing an active
role in facilitating dissociation of Tyr(POs?") from 15. We
suggest two possible interpretations of this result. First,
phosphate may actively catalyze displacement of the
Tyr(PO32") from the cyclodextrin by stabilizing the
transition state for dissociation through formation of
electrostatic interactions with the ammonium groups of
the cyclodextrin. A second possibility is that the ground
state of the complex actually involves a ternary aggregate
between Tyr(POs%7), 18, and inorganic phosphate. Elec-
trostatic interactions between inorganic phosphate and
the cyclodextrin would weaken the interactions with
Tyr(PO3?") and thus decrease the amount of energy
necessary for dissociation.

The dissociation rate constant for the complex between
Tyr(PO32-) and the a-cyclodextrin derivative 2a is too
small to measure at room temperature using the 3'P
EXSY experiment. The phosphorus nuclei relax com-
pletely to the ground state before any exchange takes
place, and therefore, no cross-peaks are observed in the
EXSY spectrum no matter how long the mixing time that
is used. To circumvent this problem, we have measured
the dissociation rate constant at several different tem-
peratures above 25 °C in a range in which the rate can
be measured conveniently by EXSY spectroscopy. Extra-
polation of the rate constant back to room temperature
gives the value for this complex shown in Table 2. Figure
6 shows an Arrenhius plot of the exchange data at four
different temperatures, and these data can be used to
calculate thermodynamic parameters for the transition-
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state of the dissociation reaction. The calculated values
are AG* = 21 kcal/mol, AH* = 33 kcal/mol, and AS*=41
eu (TAS* = 12 kcal/mol at 25 °C). The reaction is
entropically favored as is expected for a dissociation
process, and the enthalpy change on going to the transi-
tion-state is surprisingly high for a reaction that involves
only noncovalent interactions. There is likely to be
significant error in the entropy calculation because the
temperature range covered by these experiments is fairly
small.

The dissociation rate constant for the Tyr(POs?)—2a
complex is 3 orders of magnitude smaller than the
complex with 15, and the calculated rate constant for
association is also small. The interior diameter of
the cavity in a-cyclodextrin is significantly narrower
than that of S-cyclodextrin, and presents a sterically
constrained hydrophobic pocket through which the phos-
phate group of Tyr(PO32") must pass in order for associa-
tion or dissociation to occur. In the case of 15, the cavity
is large enough to allow the phosphate group, perhaps
in the solvated form, to pass through it during these
processes. This lowers the energy of the transition state
for exchange. However, -in the case of 2a the tight
confines of the cavity do not easily allow Tyr(POs?"), in
the free or solvated form, to pass through it during
exchange. Therefore, there is a large energy barrier for
both association and dissociation. This interpretation is
supported by molecular models of the two complexes.

Conclusions

The structure and concentration of buffers play a major
role in controlling both the thermodynamics and kinetics
of binding interactions of aminoCDs 1 and 2a with aryl
phosphate guest molecules. Negatively charged buffers
compete with the aryl phosphate guest for the positively
charged binding site of the cyclodextrin, and this com-
petition lowers the effective binding constant. Based upon
these results, we conclude that positively charged buffers
such as Tris and imidazole should be used when studying
the influence of these cyclodextrins on biological systems.
The 3P EXSY experiments show that, with the exception
of phosphate, buffers exert a major influence on the
association rates of aryl phosphates with cyclodextrins,
but have no effect on the dissociation rates.

One of the disadvantages of the aminoCDs in their
present form is that they show low selectivity and will
thus bind to many sterically compatible phosphate esters.
To make the aminoCDs more useful for biological studies,
we are modifying their structure to make them more
specific for particular phosphotyrosine-containing se-
quences and structures within peptides and proteins.
Such modifications include addition of a second CD unit
that is designed to bind to the side chain of a nearby
hydrophobic residue, and functionalization of the amino-
CDs with Lewis acidic groups such as activated carbonyl
compounds or boronic acids that are designed to interact
with the side chains of proximal nucleophilic amine acids.

Experimental Section

General Methods. Reactions were conducted under an
atmosphere of dry nitrogen in oven-dried glassware. Anhy-

(14) Thatcher and co-workers have recently reported that the
coalescence temperature for free 4-isopropylphenyl phosphate and
4-isopropylphenyl phosphate that is bound to an aminoCD is ap-
proximately 100 °C. These authors also attribute the large barrier to
exchange to the passage of the phosphate group through the hydro-
phobic cavity of the CD. See ref 4.
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drous procedures were conducted using standard syringe and
cannula transfer techniques. THF was distilled from sodium
and benzophenone. Other solvents were of reagent grade and
were stored over 4 A molecular sieves. All other reagents were
used as received. Organic solutions were dried over MgSOy
unless otherwise noted. Solvent removal was performed by
rotary evaporation at water aspirator pressure.

N-Acetyl-L-tyrosine Dibenzyl Phosphate Methyl Ester
5. 1H-Tetrazole (1.68 g, 23.5 mmol), N-acetyl-L-tyrosine methyl
ester (2.0 g, 7.8 mmol), and dibenzyl N,N-diethylphosphor-
amidite (4.7 mL, 15.6 mmol) were combined in 8 mL of dry
THF, and the solution was stirred at 25 °C for 1 h. The mixture
was then cooled to —40 °C in a dry ice—acetone bath, and a
solution of 77% m-CPBA (2.6 g, 11.6 mmol) dissolved in 20
mL of methylene chloride was added via syringe. After the
addition was complete, the reaction was warmed to 25 °C and
stirred for 30 min, then 10 mL of a 10% aqueous solution of
NaHSO; was added and the reaction was stirred for an
additional 10 min. The mixture was extracted with ether, and
the organic layer was washed twice with 10% aqueous
NaHSO0;, twice with 5% aqueous NaHCOj3, and once with brine
and dried over MgSO,. The solvent was removed by rotary
evaporation, and the product was purified by flash chroma-
tography (1:9 hexanes/ethyl acetate) to give 1.9 g (3.9 mmol,
50%) of N-acetyl-L-tyrosine dibenzyl phosphate methyl ester:
1H NMR (300 MHz, CDCl;) é 1.94 (s, 3H), 3.02—3.08 (m, 2H),
3.67 (s, 3H), 4.82 (dd, J = 14.6, 6.3 Hz, 1H), 5.10 (d, J = 8.3
Hz, 4H), 6.43 (d, J = 7.7 Hz, 1H), 7.03 (d, J = 8.6 Hz, 2H),
7.07 (d, J = 8.6 Hz, 2H), 7.31 (s, 10H); 3C NMR (75 MHz,
CDCly) 6 22.7, 36.8, 52.1, 69.5 (d, J = 5.6 Hz), 119.8(d, J =
4.7 Hz), 127.8, 128.3, 128.4, 130.3, 132.8, 135.1 (d, J = 7.1
Hz), 149.4 (d, J = 7.1 Hz), 169.7, 171.8; HRMS-FAB (M + H*)
caled for CasHagNO,P 498.1680, found 498.1692.

N-Acetyl-L-tyrosinephosphate Methyl Ester 6. To a
solution of 5 (0.77 g, 1.4 mmol) in 2 mL of MeOH was added
a catalytic amount of 5% Pd/C, and hydrogen gas was bubbled
into the reaction mixture. The reaction was stirred for 3 h at
25 °C under an atmosphere of hydrogen. The catalyst was
removed by filtration, and the solvent was removed by rotary
evaporation to give 421 mg (1.27 mmol, 91%) of compound 6
as a clear oil: 'H NMR (300 MHz, MeOH-d,) 6 1.93 (s, 3H),
2.95 (dd, J = 13.6, 9.3 Hz, 2H), 3.14 (dd, J = 13.6, 5.7 Hz,
1H), 3.69 (s, 3H), 4.65 (dd, J = 9.3, 5.7 Hz, 1H), 7.15 d, J =
8.6 Hz, 2H), 7.21 (d, J = 8.6 Hz, 2H); *C NMR (75 MHz,
MeOH-d,) 6 21.2, 36.6,51.6, 54.3, 120.3 (d, J = 4.7 Hz), 130.3,
133.6, 150.7 (d, J = 6.2 Hz), 172.2, 172.4; HRMS-FAB (M +
Nat) caled for C12HsNNaO7P 340.0561, found 340.0562.

IH NMR Titration Experiments. For the 'H NMR titra-
tion experiments, the conditions that were used during each
titration are provided in the following format: Complex:
buffer, cyclodextrin concentration or range of concentrations
used, aryl phosphate concentration or range of concentrations
used, identity of the proton or protons that were monitored
during the titration experiment. 18—p-NPP: 100 mM Tris,
0—0.25 mM, 0.05 mM, aromatic protons of the aryl phosphate.
18—p-NPP: 100 mM imidazole, 0.05 mM, 0-0.20 mM, H4 of
the cyclodextrin. 13—p-NPP: D,O/NaCl, 0—0.38 mM, 0.1 mM,
aromatic protons of the aryl phosphate. 1—p-NPP: 100 mM
BES, 0-1.0 mM, 0.21 mM, aromatic protons of the aryl
phosphate. 183—p-NPP: 100 mM ADA, 0-6.1 mM, 1.5 mM,
aromatic protons of the aryl phosphate. 1—p-NPP: 10 mM
phosphate, 0—4.4 mM, 0.74 mM, aromatic protons of the aryl
phosphate. 13—p-NPP: 100 mM phosphate, 0—10 mM, 1.0
mM, aromatic protons of the aryl phosphate. 2a—p-NPP: 100
mM Tris, 0.05 mM, 0—0.25 mM, H4 of the cyclodextrin. 20—
p-NPP: D;0/NaCl, 0.1 mM, 0—0.63 mM, H4 of the cyclodex-
trin.

IH NMR Dilution Experiments. For the 'H NMR dilution
experiments, the conditions that were used during each
experiment are provided in the following format: Complex:
buffer, final cyclodextrin concentration, final aryl phosphate
concentration, identity of the proton or protons that were
monitored during the dilution experiment. 18—AcTyr(PO;~%)-
OMe: 100 mM Tris, 0.027 mM, 0.025 mM, N-Ac protons of
the aryl phosphate. 13—Tyr(PO;~2): 100 mM Tris, 0.019 mM,

Ghosh et al.

0.018 mM, aromatic protons of the aryl phosphate. 15—Tyr-
(PO3~2): 100 mM BES, 0.14 mM, 0.087 mM, aromatic protons
of the aryl phosphate. 18—AcTyr(PO3;~2)OMe: D.0/NaCl, 0.026
mM, 0.022 mM, N-Ac protons of the aryl phosphate. 20a—Tyr-
(PO;~2): 100 mM Tris, 0.093 mM, 0.067 mM, aromatic protons
of the aryl phosphate. 2a—AcTyr(PO3~?)OMe: 100 mM Tris,
0.063 mM, 0.050 mM, N-Ac protons of the aryl phosphate. 20—
AcTyr(PO3~2)OMe: DyO/NaCl, 0.055 mM, 0.050 mM, N-Ac
protons of the aryl phosphate.

31p NMR Dilution Experiments. For the 3P NMR dilu-
tion experiments, the conditions that were used during each
experiment are provided in the following format: Complex:
buffer, final cyclodextrin concentration, final aryl phosphate
concentration. In all of these experiments, the resonance of
the phosphate group of the aryl phosphate was monitored. 15—
Tyr(POs2): 100 mM ADA, 1.40 mM, 1.12 mM. 18—Tyr(PO5"2):
100 mM phosphate, 2.9 mM, 2.6 mM. 2a—p-NPP: 100 mM
phosphate, 8.0 mM, 4.5 mM.

31p 2D Exchange Spectroscopy Experiments. The phase-
sensitive 2D 31P—31P EXSY spectra were recorded at 27 °C at
161.9 MHz on a Bruker AMX 400 spectrometer equipped with
an SGI computer, using a 5 mm QNP probe. The 2D EXSY
maps were obtained from the basic NOESY pulse sequence
that involves three 90° pulses with time-proportional phase
increments and 16-order phase cycling. Sixteen scans were
accumulated for each of the 128 ¢; increments, zero filled to
512 W in the F, dimension and using 512 W in the F;
dimension with no zero filling, a 2 s relaxation delay and a
spectral window of 3221 Hz. Preliminary experiments with
longer relaxation delays did not reveal any significant change
in the relative integrals of the resonances, indicating es-
sentially full relaxation within the recycling delay. The free
induction delay was multiplied by a sine bell function with ¢
= m/2. The 2D spectra were phase and baseline corrected in
both dimensions and diagonal and cross-peak volumes were
determined using the standard Bruker Avance software. The
rate constants were evaluated using the method of Harzell and
co-workers.15

For cases in which the T; values of the free and bound aryl
phosphate were much less than the exchange rate constant
(kex = ko), the effects of longitudinal cross relaxation rates
were ignored. For cases in which the T) values were of the
same order of magnitude as the exchange rate constant, the
kex value was corrected for the effects of longitudinal cross
relaxation using the method described by Macura and Ernst.16
The equation relating the values of ke to the ratios of the areas
of bound diagonal to cross-peaks, Ii/I;;, for the case of equal
concentration of free and bound species, is shown below and
is taken from ref 16.

LI = 2R R )11 + e F™)(1 = e 7)) — Yy(AR/R,,)

In this equation, AR = Rpound) — Rren = YT 1gound) — VT 1(sree
and R, = [AR? + 4k.2]2. The value of ke, was obtained using
a computer program to solve in an iterative fashion for L/Ij;
starting from a given value of ke and the observed values of
T, for each temperature. Iterations were continued until the
calculated I/I; ratio agreed to better than 1% with the
experimentally observed value. Data for the complex between
cyclodextrin 2a and Tyr(PO32-) in 100 mM Tris buffer at four
different temperatures are as follows, where Rexuncorr COITES-
ponds to the experimentally observed values and kexcorr are
the values that have been corrected for the effects of longitu-
dinal cross relaxation. 45 °C: kexuncor = 0.078 571, eveor =
0.064 s71; 51 °C: kexuncorr = 0.239 571, Bexcor = 0.217 s71; 55
°C: kexuncorr = 0.457 87, kexcorr = 0.415 5715 62 °C: Rexuncorr =
1.09 571, kexcor = 0.980 s71.

T1 Measurements. Phosphorus T relaxation times were
measured using a 3P inversion recovery sequence with
increasing delays between the 180° inversion pulse and the

(15) Hartzell, C. J.; Mente, S. R.; Eastman, N. L; Beckett, J. L. J.
Phys. Chem. 1993, 97, 4887.
(16) Macura, S.; Ernst, R. R. Mol. Phys. 1980, 41, 95, eq 23.
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90° observe pulse. The intensities of the peaks were plotted
against the delay times, and the T} values were calculated
using standard Bruker software. To measure the T; value of
the phosphate group in a cyclodextrin—aryl phosphate com-
plex, a solution of the complex was prepared in which greater
than 99% of the aryl phosphate was present in the complexed
form. 18—Tyr(PO32"): T1 = 1.01 s (100 mM phosphate, 25 °C);
Tyr(POs2"): Ty = 6.29 s (100 mM phosphate, 25 °C); 2a—Tyr-
(POs%"): Ty = 1.89 s (100 mM Tris, 62 °C); 2a—Tyr(POz*"):
Ty = 1.33 s (100 mM Tris, 45 °C); Tyr(POs?"): T: = 6.88 s
(100 mM Tris, 62 °C); Tyr(PO3?"): Ty = 5.23 s (100 mM Tris,
45 °C).

J. Org. Chem., Vol. 65, No. 3, 2000 741

Acknowledgment. This research was supported by
the U.S. Army Medical Research and Material Com-
mand—Breast Cancer Research Initiative through a
Career Development Award to C.T.S. (Grant No.
DAMD17-96-1-6161).

Supporting Information Available: Copies of H and *C

NMR spectra for compounds 5 and 6. This material is available
free of charge via the Internet at http:/pubs.acs.org.

J0991616D




THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2000 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 275, No. 29, Issue of July 21, pp. 22452-22460, 2000
Printed in US.A.

Biotinylation of Substituted Cysteines in the Nicotinic Acetylcholine
Receptor Reveals Distinct Binding Modes for a-Bungarotoxin and

Erabutoxin a*

Received for publication, February 15, 2000, and in revised form, April 27, 2000
Published, JBC Papers in Press, April 28, 2000, DOI 10.1074/jbc.M001283200

Armin Spurai$§, Ryan U. Rielt, Neal D. Freedman}, Shantanu Agrawalf, Christopher Setof,

and Edward Hawroti|

From the tDepartment of Molecular Pharmacology, Physiology, and Biotechnology, Division of Biology and Medicine,
and the 1Department of Chemistry, Brown University, Providence, Rhode Island 02912

Although previous results indicate that a-subunit res-
idues Trp®?, Val'ss, Phe'®®, Tyr'®’, and Pro'®* of the
mouse nicotinic acetylcholine receptor are solvent-ac-
cessible and are in a position to contribute to the a-bun-
garotoxin (a-Bgtx) binding site (Spura, A., Russin, T. S,,
Freedman, N. D., Grant, M., McLaughlin, J. T., and
Hawrot, E. (1999) Biochemistry 38, 4912-4921), little is
known about the accessibility of other residues within
this region. By determining second-order rate constants
for the reaction of cysteine mutants at «184-a197 with
the thiol-specific biotin derivative (+)-biotinyl-3-male-
imidopropionamidyl-3,6-dioxaoctanediamine, we now
show that only very subtle differences in reactivity
(~10-fold) are detectable, arguing that the entire region
is solvent-exposed. Importantly, biotinylation in the
presence of saturating concentrations of the long neu-
rotoxin a-Bgtx is significantly retarded for positions
aW187C, oF189C, and reduced wild-type receptors
(aCys'®? and aCys'%®), further emphasizing their major
contribution to the a-Bgtx binding site. Interestingly,
although biotinylation of position aV188C is not affected
by the presence of a-Bgtx, erabutoxin a, which is a mem-
ber of the short neurotoxin family, inhibits biotinylation
at position aV188C, but not at «W187C or aF189C. Taken
together, these results indicate that short and long neu-
rotoxins establish interactions with distinct amino ac-
ids on the nicotinic acetylcholine receptor.

The nicotinic acetylcholine receptor (AChR)! is the major
prototype for neurotransmitter-gated ion channels and is found
at high concentrations in the postsynaptic membranes of mus-
cle cells, where it mediates the rapid propagation of electrical
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signals at the neuromuscular junction. It is a pentameric pro-
tein composed of four subunit types in a molar ratio 2c:8:v:8
(see Ref. 1 for review).

An important first step in assessing the structure and func-
tion of such ion channels at a molecular level is to determine
their transmembrane topology. To address this issue, a variety
of techniques have been developed (see Ref. 2 for review). The
most commonly used methods are the epitope protection assay
(3-5), in which an epitope that is recognized by a specific
antibody is fused to the protein of interest, and N-linked gly-
cosylation tagging, wherein N-linked glycosylation sites can be
engineered into the protein under investigation and glycosyla-
tion can then be evaluated (6-8).

The above methods, however, are only useful to assess over-
all topology of membrane proteins. For the nAChR, there is
general consensus on the overall topology, although final proof
will have to await high resolution structural data; each subunit
possesses a large, extracellular amino-terminal domain, which
is followed by four transmembrane-spanning regions and a
short extracellular carboxyl terminus (9). In contrast, the key
structural issue of whether individual residues are solvent-
exposed has not been resolved. To address this issue, Gallivan
et al. (10) have recently employed the in vivo nonsense sup-
pression technique to incorporate derivatives of the unnatural
amino acid biocytin into the nAChR heterologously expressed
in Xenopus oocytes. By evaluating the binding of *2*I-strepta-
vidin to biotinylated receptors, they studied the surface expo-
sure of individual residues comprising the main immunogenic
region (spanning positions 67-76; Ref. 11) and showed that
position «70 was highly exposed.

In the current study, we have used the substituted cysteine
accessibility method (12, 13) to systematically map the acces-
sibility of individual residues between positions 184 and 197 of
the a-subunit, the main determinant for agonist and competi-
tive antagonist binding to the nAChR (14-16). To achieve this,
we have introduced cysteine residues into the nAChR and
labeled them with thiol-reactive, water-soluble biotin deriva-
tives. Subsequently, we precipitated biotinylated receptors
with immobilized streptavidin and probed the immunoprecipi-
tates by Western blotting. Previous studies of oocyte-expressed
Cys substitution mutations of a-subunit residues 181-197 (17)
indicate that the majority of these substitutions are well toler-
ated and lead to minimal perturbations in receptor function.

Here, we show that positions 184197 are all amenable to
biotinylation, suggesting that the entire region is surface-ex-
posed. In addition, modifications with the uncharged biotin
derivative occur with similar rates for all of these residues.
Moreover, we demonstrate that preincubation with the compet-
itive antagonist a-Bgtx, a long-chain a-neurotoxin, selectively
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Fic. 1. Synthesis scheme for MTSEDE-biotin.

blocks biotinylation of positions 187, 189, and cysteines 192
and 193 in reduced wild-type receptors, demonstrating the
importance of these residues in the binding of a-Bgtx and
further supporting results we obtained previously (16). In con-
trast, preincubation with Ea, a short-chain a-neurotoxin, yields
a different footprint, preventing only position 188 and reduced
wild-type receptors from biotinylation. Thus, our findings
strongly argue that long- and short-chain a-neurotoxins inter-
act selectively with different positions when blocking agonist
binding on the nAChR.

MATERIALS AND METHODS
Reagents

MTSEA-biotin was from Toronto Research. PEO-biotin and strepta-
vidin-agarose beads were from Pierce, mAb 35 from Research Biochemi-
cals International, and Protein G-agarose beads from Santa Cruz
Biotechnology. :

Mutagenesis

We used a cytomegalovirus-based expression vector (GWI, British
Biotechnology, Oxford, United Kingdom) to express the cDNAs for the
a-, B-, y-, and &-subunits of the mouse muscle nicotinic AChR. Muta-
tions were introduced using the Quikchange mutagenesis kit (Strat-
agene, La Jolla, CA) following the manufacturer’s specifications. Muta-
tions were confirmed by diagnostic restriction enzyme digests and
bidirectional sequencing of the entire insert following a DyeDeoxy ter-
minator protocol (Perkin-Elmer).

Transfections and Cell Lines
These have been described previously (16).

Synthesis of N-Methanethiolsulfonyl-N'-biotinyl-2,2'-
(ethylenedioxy)bis(ethylamine) (MTSEDE-biotin)

MTSEDE-biotin belongs to a class of compound generally known as
alkyl alkanethiolsulfonates. It was synthesized as follows (Fig. 1).

Step 1: N-Boc-2,2'-(ethylenedioxy)bis(ethylamine) Derivative (18)—
2,2'(Ethylenedioxy)bis(ethylamine) (38 g, 257 mmol) was dissolved in
40 ml of deionized water and 40 ml of dioxane. While this solution was
stirring, di-tert-butyl dicarbonate (8 g, 36.7 mmol) dissolved in 80 ml of
dioxane was added dropwise. Formation of the bis-Boc-protected prod-
uct was discouraged by performing the dropwise addition at 0 °C. The
reaction was warmed to room temperature and stirred for 6 h. The
solvents were removed by rotary evaporation, and the product was

dissolved in ethyl acetate and washed with saturated NaHCO;. The
organic layers were dried over sedium carbonate, gravity-filtered, and
rotary-evaporated to remove ethyl acetate. Flash chromatography us-
ing a 20% MeOH, 1% NH,OH, CH,,Cl, solvent system gave a 66% yield
(6 g, 2.4 mmol) of a yellowish oil.

Step 2: N-Boc-N'-biotinyl-2,2'-(ethylenedioxy)bis(ethylamine) Deriva-
tive (18—The mono-Boc-protected diamine (0.38 g, 0.15 mmol) was
dissolved in 8 m] of methanol. To this solution was added diisopropyl-
ethylamine (1.2 g, 0.9 mmol) and biotin N-hydroxysuccinimide ester
(0.78 g, 0.2 mmol). The flask was stirred at room temperature for 4 h,
concentrated by rotary evaporation, and redissolved in 50 ml of ethyl
acetate. This solution was washed once with 10 ml HC, once with 10 ml
of NaHCO,, and once with brine. The organic layer was dried over
magnesium sulfate, gravity-filtered through celite, and rotary-evapo-
rated. Flash chromatography with an 8% MeOH/CH,Cl, solvent system
gives a 69% yield (0.5 g, 0.1 mmol) of a white solid.

Step 3: N'-Biotinyl-2,2'-(ethylenedioxy)bis(ethylamine) Derivative
(19)—The Boc-protected biotin diamine (0.5 g, 0.1 mmol) was dissolved
in 4.9 ml of trifluoroacetic acid and stirred at room temperature for 20
min. The reaction flask was rotary-evaporated to remove trifluoroacetic
acid, producing a brownish oil. This oil was dissolved in a few drops of
deionized water and placed under vacuum to remove any remaining
trifluoroacetic acid. Thin layer chromatography (15% MeOH/CH,Cl,)
showed the product spot very close to the base line, suggesting that it
contained the extremely polar free amine.

Step 4: N-Iodoacetyl-N'-biotinyl-2,2'-(ethylenedioxy)bis(ethylamine)
Product—The biotin diamine (0.06 g, 0.02 mmol) was dissolved in 2 ml
of tetrahydrofuran and stirred at room temperature. To this solution,
iodoacetic anhydride (0.17 g, 0.05 mmol) and diisopropylethylamine
(0.12 g, 0.1 mmol) were added. The reaction was allowed to proceed for
1 h, after which the flask was rotary evaporated to remove the tetra-
hydrofuran and placed under vacuum. Flash chromatography was per-
formed using 10% MeOH/CH,C], as the eluent, giving an 88% yield of
an off-white solid (0.06 g, 0.01 mmol).

Step 5: N-Methanethiolsulfonyl-N'-biotinyl-2,2'-(ethylenedioxy)bis-
(ethylamine)—The iodobiotin diamine (0.75 g, 1.4 mmol) was taken up
in 10 ml of dimethylformamide (DMF). To this solution was added
sodium methanethiolsulfonate (0.37 g, 0.003 mmol), and the reaction
was allowed to stir at room temperature for 2 h. The flask was placed
under high vacuum to remove the DMF, and the product was flash-
chromatographed using a 15% MeOH/CH,C, solvent system. An 88%
yield (0.64 g) of a yellowish oil was isolated. NMR spectra for MTSEDE-
biotin and its intermediates were determined to confirm the purity of
the product (data not shown) and are available upon request.

Step 6: Biotin N-Hydroxysuccinimide Ester (20)—Biotin (5.5 g, 22.6




22454 Distinct Binding Modes for a-Bungarotoxin and Erabutoxin a

mmol) was dissolved in 70 ml of DMF. To this solution was added
N-hydroxysuccinimide (3.12 g, 27.1 mmol) and diisopropyl carbodiimide
(3.42 g, 27 mmol). The reaction was stirred at 90 °C overnight, after
which rotary evaporation was used to remove DMF, giving a yellowish
solid. Ethyl ether (150 ml) was added to the crude product to dissolve
impurities, after which the crude solid was suction filtered. This off-
white solid had a melting point range of 177-182 °C. The crude product
was recrystallized in isopropanol and suction-filtered to give an 84.5%
yield of a white solid (6.5 g, 19 mmol). The melting point of this solid
was 200-202 °C.

Step 7: Sodium Methanethiolsulfonate (21)—Sodium hydrosulfide
was dried over P,O; for 3 days. This dried sodium hydrosulfide (11 g, 20
mmol) was then dissolved in 150 ml of absolute ethanol. Methanesul-
fonyl chloride (11.4 g, 9.9 mmol) was added dropwise to this solution as
it stirred at room temperature and under a nitrogen atmosphere. After
all of the methanesulfonyl chloride had been added, the reaction was
allowed to stir for another 2 h, under nitrogen. As nitrogen gas was
bubbled through the reaction, it was forced through a drying tube and
then bubbled through 2000 ml of bleach in order to neutralize the
developing hydrogen sulfide gas. After 2 h, the reaction flask was
heated to 65-70 °C for 1 h. The flask was allowed to cool, and then 100
ml of absolute ethanol were added before leaving the flask under nitro-
gen overnight. After this time, the solution was gravity-filtered to
remove NaCl and then rotary-evaporated to remove ethanol. Recrystal-
lization was performed with warm ethanol to yield a white solid with a
melting point of 271.5 °C. The yield was 3.8 g (2.88 mmol).

Step 8: Iodoacetic Anhydride—Iodoacetic acid (20 g, 107 mmol) was
dissolved in 290 ml of ethyl acetate. Diisopropyl carbodiimide (6.8 g, 54
mmol) was added to this solution, and the reaction was stirred at room
temperature for 1 h under nitrogen. IR spectroscopy showed that the
reaction had gone to completion by the formation of two strong, sharp
peaks at 1793.7 and 1735.6 cm™! and the disappearance of a strong,
broad peak at 3401.5 cm ™~ (COOH peak). Ethyl acetate was removed by
rotary evaporation, yielding a ruby red oil of iodoacetic anhydride.

Covalent Cysteine Modification with Biotin Reagents and
Preincubations with a-Bgtx or Erabutoxin a

Two days after transfection, cells were harvested by gentle agitation
in phosphate-buffered saline containing 5 mM Na,-EDTA (~0.5-1 X 107
cells obtained from one 75-cm? tissue culture flask). After a brief cen-
trifugation at ~600 X g, the cells were resuspended in high potassium
Ringer’s solution (22), pooled, divided into 300-ul aliquots, and incu-
bated for the specified times with 5-500 uM MTSEDE-biotin or PEO-
biotin. For MTSEA-biotin, the reagent was dissolved in Me,SO instead
of water before being added to the cells at 500 uM. For each biotin
reagent, we added an excess of BrACh (1.5 mM) to terminate the
reaction. The unbound biotin was removed by pelleting the cells (2 min
at 20 °C), and resuspending the pellet in 0.5 ml of high potassium
Ringer’s. This wash was repeated three times in total. For preincuba-
tions with a-Bgtx or Ea, the cells were incubated for 2 h at room
temperature with 10 uM amounts of the respective toxin to allow for a
saturation of binding sites. PEO-biotin was then added directly into the
tubes for the times indicated. Typically, HEK-293 cells transiently
transfected with wild-type AChR subunits yielded 50-100 fmol of bi-
otinylated surface receptor/cm? of confluent cells.

Precipitation with Streptavidin-Agarose Beads

After treatment with PEO-biotin, cells were lysed in 450 ul of ice-cold
RIPA solution (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS)
with added proteinase inhibitors (10 ug/ml aprotinin, 200 uM phenyl-
methylsulfonyl fluoride, and 100 uM benzamide) and incubated on ice
for 15 min. The lysate was centrifuged at 14,000 X g for 15 min, and the
supernatant was precipitated with 50 ug of streptavidin-agarose beads
(Pierce) at 4 °C overnight. Under these conditions, we found that the
maximal amount of biotinylated receptor was precipitated, as the ad-
dition of larger volumes of beads did not lead to an increase in detect-
able a-subunit. The precipitated samples were washed three times with
500 ul of RIPA solution (4,000 X g, 2 min, 4 °C). Typically, lysed cells
containing ~1 mg of total protein were precipitated and the equivalent
of ~200 fmol of toxin binding sites was retrieved and loaded onto
SDS-polyacrylamide gels.

Surface Labeling with mAb 35 and Immunoprecipitation

To determine receptor surface expression, intact cells containing ~1
mg of total protein were incubated with 5 ug of monoclonal anti-nAChR
mAb 35 (11, 23) in a final volume of 500 pl of Ringer’s solution for 90
min on ice. Subsequently, unbound antibody was removed by washing

as above, cells were lysed with 450 ul of RIPA solution as above, and
receptors were precipitated overnight using 50 pl of Protein G-agarose.
The precipitated samples were washed three times with 500 ul of RIPA
solution (4,000 X g, 2 min, 4 °C). The conditions chosen are saturating,
as neither the addition of larger amounts of Protein G-agarose or mAb
35 nor the prolonged exposure with mAb 35 lead to an increased
precipitation of a-subunit.

SDS-Polyacrylamide Gel Electrophoresis and Western Blot
Analysis

Biotinylated receptor-streptavidin-agarose bead complexes (or Pro-
tein G-receptor complexes in the case of mAb 35-treated samples) were
brought to a final concentration of 4% SDS, 0.002% bromphenol blue,
0.12 M Tris-HC], pH 6.8, and 10% glycerol. Prior to loading, DTT and
B-mercaptoethanol were added to a final concentration of 500 mM each.
Samples were heated to 95 °C for 3 min before being loaded onto a 10%
SDS-polyacrylamide gel (24). The gels were transferred onto polyvinyli-
dene difluoride membranes and blocked with phosphate-buffered saline
containing 0.1% Tween and 3% bovine serum albumin (Sigma). Primary
antibody incubations were performed in the same buffer using a 1:500
dilution of antibody 43.37 (120 ug/ml stock) (25). Blots were then
incubated with anti-mouse IgG horseradish peroxidase-conjugated sec-
ondary antibody (working dilution 1:2500; Transduction Laboratories).
Proteins were visualized using the enhanced chemiluminescence detec-
tion method (ECL Plus, Amersham Pharmacia Biotech).

Calculation of the Rates of Receptor Biotinylations

Visualized receptor bands were quantitated by densitometry using
the software ImageJ (National Institutes of Health, Bethesda, MD). A
calibration curve relating band intensities to femtomoles of ACh bind-
ing sites was established for mutant and wild-type receptors by running
known concentrations of Torpedo membranes on a gel, followed by
Western blotting, ECL exposure, and densitometry quantitation. These
defined amounts of Torpedo membranes were run alongside with the
biotinylated receptors and subjected to identical experimental condi-
tions. Using these calibration curves, intensities of biotinylated recep-
tor bands were then converted from pixel values to femtomoles of ACh
binding sites for each time point. Rate constants for the biotinylation of
AChR were then determined using a second-order rate equation (26). In
cases where o-Bgtx or Ea led to a substantial inhibition (>10-fold),
second-order reaction rates were estimated by comparing the maximal
amounts of biotinylation in the absence or presence of the toxins for
three PEO-biotin concentrations (5, 50, and 500 uM).

RESULTS

In previous studies, we demonstrated that a cysteine can be
substituted for all of the individual amino acids between posi-
tions 184 and 197 of the mouse muscle-type a-subunit without
dramatic effect on receptor functionality (<6-fold changes in
the ECy,) as measured by ACh responsiveness in Xenopus
oocytes (17). Moreover, we showed that within this region,
residues Trp'®7?, Val'®®, Phe'®®, Tyr'%°, and Pro'®* are solvent-
accessible and are in a position to contribute to the a-Bgtx
binding site. In order to explore further the topology of the
bracketing region extending from 184 to 197, we have now
modified the appropriate Cys-substituted mutants with thiol-
specific biotin derivatives following their expression in HEK-
293 cells, permitting a more detailed analysis of the accessibil-
ity of these Cys-substituted residues.

PEO- and MTSEDE-biotin Specifically Modify Cysteines
192/ 193 in Reduced Wild-type nAChR—Initially, we wanted to
determine whether alkyl methane thiosulfonate derivatives of
biotin could be used to specifically modify surface-exposed cys-
teines in the nAChR. Previously, we and others showed that
smaller alkyl methane thiosulfonate derivatives and bromoace-
tylcholine, an alkylammonium compound containing an
a-haloacyl ester moiety, react covalently and specifically with
Cys'®? and Cys!®® of the nAChR following their selective re-
duction with 1 mm DTT (16, 17, 27-29). As shown in Fig. 2,
when cells expressing the wild-type nAChR were selectively
reduced at positions 192 and 193 with 1 mm DTT and then
treated with 500 uM of MTSEDE-biotin (Fig. 2A, lane 4), we
detected a band corresponding to the a-subunit of the nAChR.




As these studies were under way, a similar biotin derivative
(PEO-biotin) became commercially available. When we applied
this reagent to reduced wild-type receptors, we obtained results
comparable to those for MTSEDE-biotin (Fig. 2B, lane 4). Im-
portantly, this band was not present when unreduced nAChR
was exposed to MTSEDE-biotin (Fig. 24, lane 3) or PEO-biotin
(Fig. 2B, lane 3).

Biotinylation was blocked by preincubation with either 1.5
mM BrACh or 1.5 mm MTSET for both MTSEDE- and PEO-

1
A ‘ . & ~40 KDa
DTT Pretreatment

- MTSEDE-Biotin

- MTSEA-Biotin

- mAL 35

1 2
B -

8 + - + DTT Pretreatment

g' - + + PEO-Biotin

Fic. 2. Reactivity of wild-type nAChR toward various thiol-
specific biotins. HEK-293 cells were transfected with a wild-type
cDNA and the three other (8, v, ) AChR subunit cDNAs, harvested
after 2 days of incubation, and treated with various thiol-specific biotin
derivatives for 10 min at 20 °C. Streptavidin or Protein G precipitation
(in the case of mAb 35), electrophoresis, Western blotting, and visual-
ization of the a-subunit were performed as described under “Materials
and Methods.” The concentration for all biotin reagents was 500 uM.
Incubations for the individual lanes are as follows. A, lane 1, no DTT, no
biotin; lane 2, 1 mM DTT (20 min, 20 °C); lane 3, MTSEDE-biotin; lane
4, 1 mM DTT (20 min, 20 °C), followed by three washes, followed by
MTSEDE-biotin; lane 5, mAb 35 (see “Materials and Methods” for
details); lane 6, MTSEA-biotin; lane 7, 1 mM DTT, followed by three
washes, followed by MTSEA-biotin. B, lane 1, Torpedo membranes (100
fmol of a-Bgtx binding sites); lane 2, 1 mM DTT; lane 3, PEO-biotin; lane
4, 1 mM DTT, followed by three washes, followed by PEO-biotin. Sam-
ples shown in panels A and B were run on separate gels. For each gel
analysis, however, equivalent amounts of cell surface receptors (~200
fmol of toxin binding sites) were reacted with the respective biotin
modifiers.
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biotin, confirming its specificity (Fig. 3B, lane 3; Fig. 54). In
contrast, exposure of cells to the more hydrophobic MTSEA-
biotin leads to considerable nonspecific labeling, as we detected
a-subunit labeling that was equally pronounced both before
and after reduction with DTT. These results suggest that this
reagent is capable of penetrating the lipid bilayer to a large
degree and may have access to the internal cysteines at posi-
tion aCys®?? (in presumed transmembrane segment M1) and
aCys*'® (M4) (compare Fig. 24, lanes 6 and 7). In addition, we
observed that MTSEA-mediated biotinylation of reduced wild-
type and mutant receptors cannot be blocked by 1.5 mmM BrACh
(data not shown), further pointing to its reactivity with an
internal cysteine. For PEO- and MTSEDE-biotin, we detected
nonspecific labeling of native unreduced receptors only when
concentrations were raised to 1.5 mM and above (data not
shown). The weak signal we obtained in the presence of DTT
alone may suggest nonspecific absorption of the receptor to the
streptavidin beads that are used for precipitation, although the
result presented here was somewhat exceptional, and we gen-
erally did not observe a signal in the presence of DTT alone
(Fig. 24, lane 2). Additionally, labeling of surface-expressed
a-subunit by incubation of intact cells with the mouse mono-
clonal nAChR antibody, mAb 35 (11) (directed against region
a67-76), followed by immunoprecipitation enabled us to the
detect an a-band of an intensity comparable to that for the
biotinylated wild-type receptor, indicating that at least a large
fraction of the surface population of wild-type nAChRs can be
biotinylated (Fig. 24, lane 5). However, it should be noted that
a direct comparison of the signal intensities is not 100% accu-
rate. Although we have optimized conditions such that maxi-
mal amounts of both mAb 35-labeled and biotinylated receptor
are precipitated, it remains possible that the recovery of recep-
tor eluted from the beads is different for the two methods.
Nevertheless, we could use mAb 35 to test surface expression of
all the cysteine mutants from position a184C to a197C, and we
detected no noticeable difference in cell-surface expression lev-
els among these mutants (Fig. 34).

Rate of Biotinylation of Reduced Wild-type nAChR and Re-
tardation in the Presence of a-Bgtx—In an effort to quantitate
the reactivity of reduced wild-type and mutant nAChRs with
PEO-biotin, we exposed nAChRs to 5 umM PEO-biotin for various
incubation’ times (Fig. 4A). Second-order reaction rates were

Yy

o, " e - a-40KkDa

B F188C
1 2 3 4
- 6
- N + - BrACh
- + + - MTSEDE-Biotin

- - + mAb 35

Fic. 3. Surface expression of mutants a184C-a197C. cDNAs encoding for wild-type or the respective mutant a-subunits were transfected
together with wild-type -, -, and §-subunits into HEK-293 cells, which were harvested after 2 days of incubation, and treated with mAb 35 (4)
or MTSEDE-biotin (B). Protein G and streptavidin precipitations, electrophoresis, Western blotting, and visualization of the a-subunit were
performed as described under “Materials and Methods.” A, surface expression of mutant a-subunit-containing nAChR in comparison to expression
of wild-type receptor. For all the samples, equal amounts of receptor (~200 fmol in toxin binding sites) were exposed to mAb 35 as described under
“Materials and Methods.” For the lane denoted “Beads only,” cells transfected with wild-type receptor were used, lysed without prior mAb 35
treatment, and precipitated overnight with Protein G-agarose beads. B, biotinylation of mutant eF189C with MTSEDE-biotin can be blocked by
BrACh pretreatment. For lanes 2 and 3, the incubation with 500 uM MTSEDE-biotin was performed for 10 min at 20 °C, and terminated by the
addition of 1.5 mM BrACh. For lane 3, 1.5 mM BrACh was first added for 10 min at 20 °C, followed by three washes. Then, MTSEDE-biotin was
added. Lane 1, no reagent added; lane 2, MTSEDE-biotin only; lane 3, BrACh and MTSEDE-biotin; lane 4, mAb 35 only (as in A). For all the
samples, equal amounts of receptor (~200 fmol in toxin binding sites) were modified and loaded into each lane.
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TaBLE 1

Second-order reaction rates of mutant a-subunits with PEO-biotin

Wild-type or the respective mutant a-subunits encoding cDNAs were
transfected together with wild-type 8-, y-, and 8-subunits into HEK-293
cells, which were harvested after 2 days of incubation, and treated with
PEO-biotin. Streptavidin precipitation, electrophoresis, Western blot-
ting and visualization of the a-subunit and calculation of second-order
reaction rates were performed as described under “Materials and Meth-
ods.” Second-order reaction rate constants in the absence (k) and pres-
ence of a-Bgtx (kg,,) were determined using 50 uM PEO-biotin for all of
the mutants, except for mutant aW187C (500 uM) and reduced wild-
type receptors (5 uM). Positions 192 and 193 form a vicinal disulfide
bond in the wild-type receptor and are not listed separately, since they
are indistinguishable and become modified in PEO-biotin-exposed re-
duced wild-type receptors. In cases where a-Bgtx led to a blockade of the
second-order reaction rate with PEO-biotin, only estimates of the max-
imal rates of biotinylation in the presence of a-Bgtx could be calculated,
due to nonspecific labeling at high concentrations of PEO-biotin. The
reduction in the rate of reactivity was estimated by comparing the
intensities obtained for 10-min incubations with 5, 50, and 500 uM
biotin in the presence and absence of the a-Bgtx.

Mutant Second-order reaction rate & Ratio k/kpgy
w151
aD71C 395 5.1 0.98 = 0.03
Reduced wild-type 103.6 + 3.4 >100
(«192/193)

aW184C 413 £ 3.9 0.89 = 0.08
aK185C 23.5+3.1 1.1 +£0.05
aH186C 28.3 £ 3.5 0.91 = 0.09
aW187C 10.8 £ 0.9 >10
aV188C 101.9 = 12.8 1.34 £ 0.07
aF'189C 93.7 £ 9.6 >100
aY190C 55.6 + 13.3 0.86 * 0.07
aS191C 371x19 0.88 = 0.05
aP194C 21.1 £ 3.2 1.36 = 0.09
aT195C 368 44 0.98 = 0.05
aT196C 59.3 = 3.3 0.96 = 0.06
aP197C 476 £ 94 121 £ 0.11

calculated as described under “Materials and Methods.” For
reduced wild receptors, we obtained a rate constant of 103.6
M~ 1571 (Table I). Comparable results were obtained with MT-
SEDE-biotin (data not shown). However, since the MTS com-
pound was more light-sensitive and degraded rapidly at room
temperature, we focused the remainder of our studies exclu-
sively on the effects mediated by PEO-biotin.

When 10 uM o-Bgtx was added to cells and allowed to equil-
ibrate for 2 h, the reactivity of reduced wild-type receptors
toward PEO-biotin was substantially slowed (>100-fold). Us-
ing 5 and 50 umM PEO-biotin, we could not detect any biotiny-
lation of the a-subunit, and even after incubation with 500 um
PEO-biotin, we obtained only a weak signal (~10% of the
maximum intensity; Fig. 4B). A precise determination of the
second-order rate constant in the presence of a-Bgtx was not
possible, since PEO concentrations of 1.5 mm and above would
have to be used, and under these conditions, there was consid-
erable background stemming from the presumed modification
of an internal cysteine or other unidentified sites.

Rate of the Biotinylation of Mutant aV188C nAChR Is Unaf-
fected by the Presence of a-Bgtx—Previous results showed that
mutant aV188K leads to a ~680-fold decrease in affinity for a
short a-neurotoxin, Nmml, although the effect of this mutation
was much less pronounced in affecting a-Bgtx binding (15, 30,
31). In addition, modification of «V188C with 1.5 mm BrACh or
MTSET leads to a ~50% reduction in the number of a-Bgtx
binding sites (16). On the other hand, a mutation introducing a
negative charge at this position («V188D) merely produced a
~10-fold decrease in Nmml binding. To more closely examine
the role of this position in a-Bgtx binding, we determined
second-order reaction rates for «V188C with 50 um PEO-biotin
in the presence (Fig. 5B) and absence of a-Bgtx (Fig. 5A). In the
absence of a-Bgtx, we obtained a rate of 102 M~* 571, whereas

biotin and inhibition of biotinylation in the presence of a-Bgtx.
Wild-type a-subunit encoding cDNAs were transfected together with
wild-type B-, y-, and 3-subunits into HEK-293 cells, which were har-
vested after 2 days of incubation, and treated with PEO-biotin. The
PEO-biotin concentration for all time points was 5 uM, unless otherwise
indicated in the figure. Streptavidin precipitation, electrophoresis,
Western blotting, and visualization of the a-subunit were performed as
described under “Materials and Methods.” A, time course of biotinyla-
tion in the absence of a-Bgtx. Biotinylation was terminated by the
addition of the thiol-specific BrACh (1.5 mM) at the indicated time
points. B, biotinylation in the presence of 10 uM a-Bgtx. Harvested cells
were first incubated with 10 uM o-Bgtx for 2 h, and PEO-biotin was
then added directly. In lane 1, Torpedo membranes (100 finol of toxin
binding sites) were loaded as a standard reference. For all samples in A
and B, transfected cells were pooled prior to modification, and equal
amounts of receptor (~200 fmol of toxin binding sites) were modified
and loaded onto each lane.

Fic. 5. Reactivity of mutant «V188C with PEO-biotin in the
presence or absence of a-Bgtx. The aV188C mutant a-subunit en-
coding ¢cDNA was transfected together with wild-type B-, v-, and é-sub-
units into HEK-293 cells, which were harvested after 2 days of incuba-
tion, and treated with PEO-biotin. The PEO-biotin concentration for all
time points was 50 uM, unless otherwise stated in the figure. Strepta-
vidin precipitation, electrophoresis, Western blotting, and visualization
of the a-subunit were performed as described under “Materials and
Methods.” A, biotinylation in the absence of a-Bgtx. Biotinylation was
terminated by the addition of the thiol-specific BrACh (1.5 mM) at the
indicated time points. Torpedo membranes (100 fmol in toxin binding
sites) were loaded as a standard reference. For BrACh preincubation,
the sample was exposed to 1.5 mm BrACh for 10 min at 20 °C, followed
by three washes, prior to the addition of PEO-biotin. B, biotinylation in
the presence of 10 uM a-Bgtx. Harvested cells were first incubated with
10 pM a-Bgtx for 2 h, and PEO-biotin was then added directly. For all
samples in A and B, equal amounts of receptor (~200 fmol of toxin
binding sites) were modified and loaded onto each lane.

incubation in the presence of a-Bgtx resulted in only a slightly
diminished rate of 77 M~ ! s 1. Therefore, we found no indica-
tion that a-Bgtx binding to the a-subunit protected this Cys-
substituted residue from biotinylation. Interestingly, a compar-
ison between Figs. 4 and 5 shows that the signal intensity for
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Fic. 6. Protection of PEO-biotin-mediated modification of re-
duced wild-type nAChR and mutants aW187C, aV188C, and
aF189C in the presence of a-Bgtx or Ea. Wild-type or the respective
mutant a-subunits encoding ¢cDNAs were transfected together with
wild-type B-, y-, and 8-subunits into HEK-293 cells, which were har-
vested after 2 days of incubation, and treated with PEO-biotin at the
concentrations indicated. Streptavidin precipitation, electrophoresis,
Western blotting, and visualization of the a-subunit were performed as
described under “Materials and Methods.” A, protection of the biotiny-
lation of reduced wild-type receptors by a-Bgtx and Ea. Wild-type
receptor was reduced with 1 mM DTT (20 min, 20 °C). All biotinylations
were done with 5 uM PEO-biotin for 10 min at 20 °C. For lanes 3 and 4,
10 uM a-Bgtx or Ea, respectively, were added for 2 h prior to PEO-biotin
addition. Lane 1, Torpedo membranes (200 fmol in toxin binding sites);
lane 2, PEO-biotin only; lane 3, a-Bgtx and PEO-biotin; lane 4, Ea and

the biotinylation of mutant «V188C is less than that for re-
duced wild-type receptors, despite the fact that their reaction
rates are comparable (Table I). Most likely, two factors contrib-
ute to this observation. First, reduced wild-type receptors con-
tain two modifiable free thiol groups («Cys!9?1%%), i.e. although
the reaction rate is comparable to that for aV188C, the signal
intensity will be twice as high for any given time point. Addi-
tionally, it is possible that, for aV188C, only a portion of the
receptor population contributes to the signal, whereas the rest
is either refractory to biotinylation or to the subsequent steri-
cally constrained reaction with streptavidin beads. This view is
strengthened by the fact that preincubation with a-Bgtx en-
hances the yield of biotinylated receptor approximately 2-fold
(Fig. 6C).

Evidence That All Amino Acid Residues within Region a184
to al97 Are Solvent-exposed—Although positions aW187C,
aV188C, aF189C, aY190C, and aP194C were modifiable with
BrACh and their modification resulted in a substantial block-
ade in a-Bgtx binding (16), the surface disposition of the other
residues spanning region a184 to @197 is not well understood.
Specifically, it was previously impossible to distinguish
whether cysteine-substituted residues 184-186, 191, and 195-
197 were modified following the application of thiol-specific
reagents. By systematically examining the reactivity of these
residues with PEO-biotin, we now show that all of these resi-
dues are surface-exposed and accessible to biotinylation to a
similar degree. Their second-order reaction rate constants fell
within the range of ~10 to ~100 M~* s~! (¢W187C: 10.8 M~
s™L aV188C: 101.9 M~ ! s71; Table I).

Table I also lists the second-order reaction rate for positions
aD71C and aW184C to aP197C in the presence of saturating
concentrations of a-Bgtx. Importantly, the reaction rate for the
biotinylation of aD71C is unaffected in the presence of a-Bgtx,
confirming its location outside of the a-Bgtx binding site (11).
Apart from reduced wild-type receptors, only residues «W187C
(at least a 10-fold reduction) and F189C (at least a 100-fold
reduction) exhibit a substantial reduction in the reaction rate
in the presence of a-Bgtx. It should be noted that an accurate
determination of reaction rates for these mutants in the pres-
ence of a-Bgtx was not possible. This would have required
using concentrations of PEO-biotin in excess of 1.5 mM, a con-
centration that leads to the modification of other sites in addi-
tion to the engineered cysteine. Due to its reduced reactivity
with PEO-biotin even in the absence of a-Bgtx, this is espe-
cially true for mutant «W187C.

Effects of Erabutoxin a Co-incubation on the Reactivity of
Residues aW184C to aP197C with PEO-biotin—Previous stud-
ies suggested contradicting roles for positions oTrp'®7, aVal'®®,

PEO-biotin. For lanes 2-4, equal amounts of receptor (~200 fmol in
toxin binding sites) were reacted and loaded. B, protection of the bioti-
nylation of mutant «W187C by a-Bgtx and Ea. For all the lanes shown,
biotinylations were performed with 500 uM PEO-biotin for 10 min at
20 °C. Lane 1, Torpedo membranes (200 fmol in toxin binding sites);
lane 2, PEO-biotin only; lane 3, a-Bgtx (10 uM) and PEO-biotin; lane 4,
Ea (10 uM) and PEO-biotin. For lanes 2-4, equal amounts of receptor
(~100 fmol in toxin binding sites) were reacted and loaded. C, protec-
tion of the biotinylation of mutant aV188C by a-Bgtx and Ea. For all the
lanes shown, biotinylations were performed with 50 uM PEO-biotin for
10 min at 20 °C. Lane 1, Torpedo membranes (200 fmol in toxin binding
sites); lane 2, PEO-biotin only; lane 3, a-Bgtx (10 uM) and PEO-biotin;
lane 4, Ea (10 uM) and PEO-biotin. For lanes 2-4, equal amounts of
receptor (~100 fmol in toxin binding sites) were reacted and loaded. D,
protection of the biotinylation of mutant aF189C by «-Bgtx and Ea. All
biotinylations were performed with 50 puM PEO-biotin for 10 min at
20 °C. Lane 1, PEO-biotin only; lane 2, a-Bgtx (10 uM) and PEO-biotin;
lane 3, Ea (10 pM) and PEO-biotin; lane 4, Torpedo membranes (200
fmol in toxin binding sites). For lanes 1-3, equal amounts of receptor
(~100 fmol in toxin binding sites) were reacted and loaded.




22458 Distinct Binding Modes for a-Bungarotoxin and Erabutoxin a

TaBLE II
Comparison of the inhibition of substituted cysteine biotinylation by
a-Bgtx and erabutoxin a

Wild-type or the respective mutant a-subunits encoding cDNAs were
transfected together with wild-type 8-, y-, and 8-subunits into HEK-293
cells, which were harvested after 2 days of incubation, and treated with
PEO-biotin. Only region a187 to al193 is shown, since there was no
difference in the observed effects for a-Bgtx and Ea for the other
mutants examined. Results for positions @192 and 193 were obtained
with reduced wild-type receptor, which contains two free thiols at these
positions. The symbol “+” in the table denotes a greater than 10-fold
reduction in the second-order reaction rate constant k in the presence of
either a-Bgtx or Ea. The symbol “—” is used to represent a change of less
than 2-fold in the reaction rate (for a-Bgtx), or a <50% reduction in the
maximum amount of labeling in the presence of Ea. For reasons de-
scribed in the text and Table I, rates for the biotinylation of mutants
aW187C, aF189C, and aCys!'®*'% in the presence of a-Bgtx are esti-
mates of the maximum rate and could not be determined accurately
from the data. This is also the case for the biotinylation of positions
aV188C and aCys*®?'%? in the presence of Ea.

Position
rl\rplﬁ7 valxss Phe189 13'1'190 Ser191 Cysmz Cy5193
a-Bgtx + - + - - + +
Erabutoxina - + - - - + +

and aPhe'®® in the binding of a-neurotoxins. For example,
using a double mutant cycle analysis of the short-chain a-neu-
rotoxin Nmml with nAChRs, Ackermann et al. (31) found no
indication for the involvement of aTrp'®” and aPhe'®® in toxin
binding. On the other hand, our previous work suggests that all
three positions (187-189) contribute to the binding of the long-
chain a-neurotoxin a-Bgtx. To characterize further the precise
roles of these residues, we expanded our biotinylation studies
to investigate the effect of a short a-neurotoxin. In this assay,
Erabutoxin a (10 uM) was added to HEK-293 cells transfected
with aW187C, aV188C, and aF189C 2 h prior to PEO-biotin
addition.

Fig. 6 shows the profile of a-neurotoxin (a-Bgtx or Ea) pro-
tection from biotinylation for reduced wild-type, aW187C,
aV188C, and «F189C mutant receptors. Biotinylation of re-
duced wild-type receptors is blocked by approximately 90%
with Ea and completely with a-Bgtx (Fig. 6A, lanes 2-4) when
5 uM PEO-biotin is added for 10 min. In contrast, Ea does not
protect positions aW187C and oF189C from biotinylation (Fig.
6, B (lanes 2 and 4) and D (lanes I and 3), respectively). a-Bgtx,
on the other hand, clearly blocks biotinylation at these posi-
tions (Fig. 6, B (lare 3) and D (lane 2)). Similarly, Ea completely
abrogates biotinylation of mutant aV188C (Fig. 6C, lanes 2 and
4), whereas a-Bgtx has little effect (Fig. 6C, lane 3). It should be
noted that different PEO-biotin concentrations were used to
account for the different reaction rates of the various mutants.
However, we repeated these experiments for reduced wild-type
nAChRs with 50 and 500 uM PEO-biotin and for aV188C and
aF189C with 500 uM and obtained comparable results (data not
shown).

For all other positions, the effects of Ea and a-Bgtx on PEO
biotinylation of engineered cysteines seem to be comparable;
none of the other positions shows a substantial blockade of
biotinylation, as is summarized in Table II. Again, as stated
above (and in the legend for Tables I and II), accurate deter-
minations of second-order rate constants for the biotinylation
in the presence of Ea were not possible for positions aW187C,
aV188C, and reduced wild-type receptors. Furthermore, in
those cases where Ea did not appear to protect against bioti-
nylation, precise reaction rates were not calculated. Instead,
the reduction of the rate was estimated by comparing the
intensities obtained for 10-min incubations with 5, 50, and 500
uM PEO-biotin in the presence and absence of Ea.

DISCUSSION

Our primary aim was to define in more detail the topology
and solvent accessibility of residues 184-197 in the a-subunit
of the mouse muscle nicotinic acetylcholine receptor. To
achieve this, we engineered individual cysteine substitutions
and modified the introduced cysteine side chains with water-
soluble, thiol-reactive derivatives of biotin. A similar approach
has been used, for example, by Grunewald and co-workers (32)
to determine the topology of the astroglial glutamate trans-
porter GLT-1. Likewise, the solvent-accessible structure of the
y-aminobutyric acid A receptor has been investigated with a
combined cysteine mutagenesis/biotinylation procedure (33).

Thiol-reactive Biotin Derivatives That Are Hydrophilic Are
More Selective in Modifying External Cysteines—The success
and accuracy of cysteine modifications with thiol-reactive bio-
tin derivatives strongly depends on the hydrophilicity of the
reagent. As can be seen in Fig. 1 (A and B), the relatively
hydrophobic modifier MTSEA-biotin reacts strongly with wild-
type nAChR. In these receptors, there are intrinsic cysteine
disulfide pairs at positions 128 and 142 as well as at positions
192 and 193, but no free thiols in the extracellular domain, and
thus there should be no reactivity with thiol reagents. The
observed labeling is most likely explained by MTSEA-biotin
entering the lipid bilayer and reacting with the solvent inac-
cessible unpaired «Cys??? and/or aCys*!®. This is further sup-
ported by the fact that preincubation with 1.5 mm BrACh does
not protect against biotinylation of reduced wild-type and mu-
tant receptors when MTSEA-biotin is used (data not shown). In
sharp contrast, the more hydrophilic, water-soluble deriva-
tives, MTSEDE-biotin and PEO-biotin, do not react with wild-
type nAChR unless the disulfide bond at positions 192/193 is
selectively reduced with 1 mM DTT (27, 28), indicating that
these reagents are not membrane-permeable. With the hydro-
philic reagents, biotinylation was blocked completely using ei-
ther 1.5 mM BrACh or MTSET (see Fig. 3B for MTSEDE-biotin
and Fig. 54 for PEO-biotin). As BrACh and MTSET are
charged derivatives, their block of biotinylation confirms the
specificity of the reaction and supports the conclusion that
biotinylation with MTSEDE-biotin or PEO-biotin is restricted
to the solvent-accessible surface of the nAChR in our studies
using intact cells. Either biotin conjugate would have been
useful in the present study, although we decided to concentrate
on PEO-biotin, as MTSEDE-biotin was more light-sensitive
and degraded more rapidly at room temperature. Nonetheless,
MTSEDE-biotin would offer advantages in cases where the
introduction of a reversible disulfide bond is desired.

All Amino Acid Residues between Positions a184 and «l97
Are Solvent-exposed—Table I summarizes the second-order re-
action rates for the individual Cys substitutions of amino acid
residues between positions @184 and «197. Their second-order
reaction rate constants fall within the range of ~10 to ~100
M~ 571 (aW187C: 10.8 Mt s71; oV188C: 101.9 M~ s71). As
even the least reactive of these positions, aW187C, clearly
contributes to the a-Bgtx binding site and is modifiable by the
charged reagent BrACh (16), we conclude that second-order
reaction rates for modification with PEO-biotin that are as low
as 10 M~! s™! are consistent with solvent accessibility. We
further conclude, therefore, that all of the residues within the
region tested are surface-exposed. Minor perturbations in re-
activity occur, in general, over a 10-fold range and are likely to
be due to variations in the chemical and steric environment
surrounding the individual positions (34). Additionally, favor-
able electrostatic and steric interactions may enhance biotiny-
lation. As an additional reference point, we included an anal-
ysis of mutant aD71C. It is well established that Asp™ forms
one of the main determinants in the epitope recognized by
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antibodies directed against the main immunogenic region (11)
and therefore should be surface-accessible. Indeed, the second-
order reaction rate (39.5 M-1 s ) is also in the range obtained
with the 184197 series of Cys substitutions. Similarly, a com-
parable reaction rate constant (~200 M~! s7!) has been re-
ported for the reaction of an N-ethylmaleimide derivative with
B-mercaptoethanol in phosphate buffer (35).

Further, the second-order reaction rate with PEO-biotin
seems to be identical for the two a-subunits of the nAChR,
regardless of position of the introduced cysteine mutation. Us-
ing a linear regression fitting routine, we calculated a curve
with a very good fit to the data (R > 0.98 for all the mutants
investigated; data not shown) assuming a single class of bind-
ing sites.

Our conclusions on the solvent accessibility of the 184-197
region are in line with a number of recently published studies.
Structural predictions derived from the NMR studies of a re-
ceptor-peptide fragment bound to a-Bgtx (36) suggest that res-
idues 187-190 are likely to be surface-accessible in the native
receptor. The conclusions concerning surface accessibility of
a-subunit residues 187-190 are also consistent with studies of
the Bgtx-resistant nAChRs found in cobra and mongoose mus-
cle and of HEK-expressed mouse muscle nAChRs containing
glycosylation signals found in the cobra and mongoose AChR
(23, 37). The surface accessibility of aVal'®® was demonstrated
by McLaughlin et al. (17) and is also supported by recent
studies of Ackermann et al. (30, 31). A recent double mutant
cycle analysis concludes that position aPro!®” interacts with
Nmml residues Arg®® and Lys®’ and must therefore be surface-
exposed. In addition, our study demonstrates for the first time
that positions corresponding to oTrp*®%, aLys™®, aSer'®’,
oThr'®®, and oThr'®® are on the solvent-accessible surface of
the receptor.

a-Bgtx Protects Mutants aW187C, aF189C, and Reduced
Wild-type Receptors, but Not Mutant aV188C, from Biotinyla-
tion with PEO-biotin—In the present study, we provide evi-
dence that positions a71, «184, a185, 191, a195, 196, and
2197 do not form part of a stable a-Bgtx binding site, as the
presence of bound o-Bgtx does not have a significant effect on
the second-order reaction rate for PEO-biotin (Table I). One
reservation concerning the interpretation of the Cys substitu-
tion studies is that the substitution itself may locally distort
the structure. Thus, negative results of the protection experi-
ments may not be as conclusive as positive results. Further-
more, it is possible, depending on the local geometry, that an
introduced cysteine is both in some proximity to bound Bgtx
and in a position where Bgtx does not occlude the site from
biotinylation.

Interestingly, the biotinylation of mutants aV188C and
aY190C is not affected by the presence of a-Bgtx, even though
the tethering of a methylammonium moiety to these residues
leads to a blockade of a-Bgtx binding (16). These results allow
us to refine our understanding of the interaction between
a-Bgtx and positions 188 and 190, as they suggest that these
positions, at least when substituted with cysteine side chains,
do not interact directly and stably with a-Bgtx (Fig. 3 and
Table I). Nevertheless, there is good evidence that these posi-
tions are within 8 A of the toxin binding site. The introduction
of an alkylammonium moiety, through the action of either
BrACh or MTSET, leads to a significant perturbation of the
receptor-toxin interaction (16). With both BrACh and MTSET,
a covalently attached adduct of cysteine is formed that would
fit into a cylinder 8 Along and 6 A in diameter (38). Further-
more, the results presented here are compatible with NMR
structural studies of the complex formed between the dode-
capeptide «185-196 and a-Bgtx (36). The NMR analysis re-

vealed intermolecular nuclear Overhauser effect cross-peaks
between one y-methyl group of aVal*®*® and the two y-methyl
groups of Bgtx residue Val®®, thus placing these latter methyl
protons at a distance of ~4-5 A from that of aVal'®%. Although
this distance constraint certainly places Val'®® in the proximity
of Bgtx residue Val®® in this complex, there was no further
indication of a more intimate or extensive contact between
these hydrophobic side chains. In contrast, a-Bgtx clearly
blocks the biotinylation of residues aW187C and oF'189C, and
thereby provides independent support that these residues are
critical for a stable receptor-toxin interaction (16, 37, 39). Fur-
thermore, the biotinylation of positions 192 and 193 in reduced
wild-type receptors is also inhibited by «-Bgtx and underlines
the importance of these residues for «-Bgtx binding. Neverthe-
less, the modification of these cysteines and of aW187C and
aF189C with non-methylammonium-containing modifiers does
not affect a-Bgtx binding significantly (16), suggesting addi-
tional complexity in Bgtx binding. In addition, it should be
emphasized that the saturation binding assay used in these
modification studies would not have detected decreases of
a-Bgtx binding affinity <50-fold (16). Theoretically, it is also
possible that the presence of a-Bgtx leads to the complete
abrogation of biotinylation on only one of the two a-subunits,
whereas the other site remains unaffected. If this were the
case, we would expect to see a 2-fold reduction of the maximum
intensity of the biotinylation signal. Our results argue against
such a scenario, since the maximum intensity of the signal is
largely unaltered for all of the investigated mutants.

It is somewhat surprising that the “footprint” of a-Bgtx pro-
tection from biotinylation is not larger. Previous studies have
suggested that the Bgtx-receptor contact site would involve
multiple points and a large portion of the toxin surface (40, 41).
Our results suggest that the number of strong contacts may be
fewer than expected. In addition, any additional contacts may
be flexible enough to allow sufficient structural fluctuation to
permit access to the reactive derivatives over the time course of
the reaction incubation. Alternatively, some of the residues in
this region may interact with Bgtx and the biotinylation re-
agents via non-overlapping surfaces.

Short and Long Chain Neurotoxins Establish Distinct Con-
tact Points with the nAChR—Ackermann et al. (31) have ar-
gued that the short neurotoxin Nmml interacts with aVal'®,
whereas their results do not implicate positions oTrp'®” and
aPhe'®? in Nmml binding. The results presented here (Fig. 6,
Table II) seem to reconcile the Nmml studies with our previous
results, suggesting an important role of aPhe®? in aBgtx bind-
ing (16, 39). Second-order reaction rates for the biotinylation of
positions @W187C and «F189C are inhibited at least 10-fold by
bound a-Bgtx, whereas aV188C is not affected. In contrast, Ea,
a short neurotoxin very similar to Nmml, leads to a >10-fold
protection of position «V188C, but does not alter biotinylation
at positions aW187C and oF189C. This suggests that a-Bgtx
and Ea interact with distinct amino acids on the nAChR.

A Model for the Bgtx-mediated Blockade of Receptor Biotiny-
lation—The model we propose here for the mechanism of
a-Bgtx-mediated blockade of biotinylation is based on the mode
of interaction between fasciculin and acetylcholine esterase
(42—47). In this model, a-Bgtx, which carries a large net posi-
tive charge (+4; see Refs. 48 and 49) could bind to a site near a
gorge leading to the agonist binding site and could obstruct
PEO-biotin access to substituted cysteines (or ACh access to its
binding site), which, in our experiments, would be reflected by
a decrease in the second-order reaction rate of biotinylation. It
is unlikely, however, that a-Bgtx blocks the putative gorge
entirely, as only some of the residues implicated in ACh bind-
ing can be protected from biotinylation by concomitant a-Bgtx
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incubation (aW187C, aF189C, and aCys!®¥'9%), whereas other
residues that are thought to be crucial for the receptor-ACh
interaction (e.g. aY190C; Ref. 16), are not affected. Rather, our
results argue that the gorge would be only partially blocked by
a-Bgtx, and that the remaining cavity is large enough to ac-
commodate the entry of PEO-biotin (29 A in fully extended
length and 5.6 A in width at the biotin ring). Finally, it is
interesting that, between positions 186 and «190, biotinyla-
tion of only every other residue is inhibited by a-Bgtx binding.
Therefore, our results are consistent with NMR studies argu-
ing that residues «186-190 are in an extended pB-sheet orien-
tation (36). In addition, these results suggest that a-Bgtx may
establish contact with one of the two faces of the B-sheet,
whereas the other face remains accessible to PEO-biotin.
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